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As the world population increases and resources become more coveted, water emerges as 
a key component to global food security. The Middle East and North Africa (MENA) is 
among the driest regions in the world: containing just one percent of the world’s 
freshwater resources. An increasing population creates greater quantities of wastewater 
and demands greater quantities of food, so an obvious connection arises. However logical 
wastewater reuse may be for bridging the irrigation supply-demand gap in this arid region, 
significant limitations prevent widespread adoption. The overall goal of this research is to 
take a holistic view of the limitations facing communities with regard to integrating 
treated wastewater in agricultural production schemes. This research considers unique 
communities in Palestine, Tunisia, Qatar, and as a comparison, the state of Indiana in the 
United States, and evaluates the limitations which technology, policy, and farmer 
perceptions place on the potential for treated wastewater reuse in agriculture. A mixed 
methods approach has been be employed to evaluate the specific limitations of treated 
wastewater reuse in each study location. Interviews with heads of households, farmers, 
and experts in wastewater and agriculture were conducted and samples of treated 
wastewater effluent were collected in each study location. The limitations facing each 
location are unique depending on socio-economic conditions, wastewater treatment 
infrastructure and technologies, extension efforts in the community, severity of water 
shortage, and the nature of the policies and monitoring in place with regard to wastewater 
management. This research aims to inform local partners and development practitioners 






with treated wastewater and better prepare those entities to address growing concerns 
about water scarcity and food security. In synthesis, a greater understanding of the overall 






CHAPTER 1. INTRODUCTION 
1.1 Introduction 
As the world population increases and water resources become more coveted, water 
emerges as the key component to increasing agricultural production and alleviating food 
insecurity. The volume of wastewater produced worldwide will continue to increase with 
population growth and improved standards of living, so it seems prudent to consider 
methods for reducing demands on freshwater by reusing waters of lesser quality for 
activities such as irrigation of agricultural products. Studies in Tunisia (e.g., Bahri and 
Brissaud 1995; Martijn and Redwood 2005), the Palestinian Territories (e.g., Fatta 2004; 
Haddad and Mizyed 2003; Shaheen 2003), and Qatar (e.g., Ahmad 1988; Al-Zubari 1998) 
all point to wastewater reuse in agriculture as a means to address the challenges of 
wastewater disposal, treatment, and food security. 
The Middle East and North Africa (MENA) is among the driest regions in the world, 
containing just one percent of the world’s freshwater resources (World Bank 1996). 
However logical wastewater reuse may be for filling the supply-demand gap in this arid 
region, significant limitations prevent widespread adoption. Economic viability and 
public perception may be the greatest challenges for implementing a successful 
wastewater reuse scheme in the MENA; however, the operation, maintenance, and 
performance of treatment facilities, coupled with local policies and monitoring 






1.2 Literature review 
1.2.1 Negative perceptions of treated wastewater 
No matter where one goes in the world, treated wastewater carries a “yuck” factor. 
Across cultures, people generally consider it to be dirty or unsafe, so it comes as no 
surprise that the public tends to resist connecting this unsatisfactory source of water with 
their food supply through irrigation. However, the degree to which people are willing to 
accept irrigation with treated wastewater varies from one location to another. A survey of 
urban dwelling Israelis showed that respondents were generally accepting of using treated 
wastewater for fiber and fodder crops (86% of respondents agreed), but acceptability 
dropped considerably for irrigating orchards (53%), vegetables (48%), and crops which 
were processed and preserved (24%) (Friedler et al. 2006). This low level of approval is 
surprising considering the fact that all of these practices have been used in Israel for over 
30 years. Two separate studies in the US Southwest found that 92% and 58% of 
respondents approved of treated wastewater reuse for irrigation of agricultural products 
(Bruvold 1986; Robinson et al. 2005). Another study in Qatar found that only 8% of 
respondents approved of treated wastewater reuse in farming (Ahmad 1991). In an 
analysis of seven surveys conducted on the acceptability of reclaimed water use in the 
United States, Bruvold (1988) concluded that two main factors determine public opinion 
of reclaimed water use: degree human of contact with the practice and a combination of 
“health effects, environmental effects, treatment cost, distribution cost, and conservation.” 
When spanning multiple cultures and geographic regions, many other factors influence 
perception of treated wastewater, including availability of water, culture, climate, societal 
value of water, and religious beliefs. For this reason, one study in one place cannot be 
used to generalize public perception with another population.  
In the Arab world, religion is a commonly cited reason for opposing the use of treated 
wastewater despite the fact that it has been demonstrated to adhere to religious policy. 
Scholars of Islam have debated the use of treated wastewater and concluded that it is 
suitable for use in irrigation; fatwas have also been issued to this extent (Farooq and 






(2008) report that the Quran makes reference to water quality on multiple occasions and 
that impurities in water can be diluted to be made more pure. Furthermore, Islam 
acknowledges that things (e.g. water) can also change form from unpure to pure through 
metamorphosis. Regardless, there is still resistance across populations to use this water 
because it is viewed as unsafe or less desirable than fresh water.  
 
1.2.1.1 Choice and valuation 
The power of choice can play a major role in the adoption of treated wastewater as a 
resource for irrigation. Despite the environmental and economic benefits of treated 
wastewater reuse, farmers are generally unwilling to pay, or are not required to pay, for 
treated wastewater in the MENA. Public perception can impact the economics of a 
product: when not considered desirable, the value of the product to the consumer is low. 
Studies of farmers across the West Bank, Palestine have indicated that they would be 
willing to pay nothing, or perhaps a small fee, for treated wastewater (Abu-Madi 2009; 
Al-Sa'ed and Mubarak 2006; Shaheen 2003; Abdo 2001). However, farmers have been 
willing to make the switch to wastewater whenever pressure on conventional water 
sources became greater, rendering those sources inaccessible or more costly (Jiménez and 
Asano 2008). In the two most successful examples of treated wastewater reuse in the 
MENA, Israel and Jordan, the power of choice was removed and treated wastewater was 
integrated into the national water strategy. Jordan went so far as to enact legislation 
requiring the reuse of treated wastewater (Nazzal et al. 2000). 
 
1.2.1.2 Trust 
The public’s trust in local authorities (ministries, agencies, various levels of government, 
the private sector, etc.) to adequately monitor and maintain wastewater treatment 
facilities is another major hurdle in gaining acceptance for treated wastewater reuse 






uncertainty about the future and significant disruption from the norm, so it is difficult for 
citizens to be optimistic about delivery of services, or the commitment of the government 
to act in favor of the people (Bahry and Wilson 2004). Uslaner (2002) describes a close 
connection between optimism and trust in governments.  
In more established governments, trust is still an issue. In this case, involving additional 
stakeholder groups, like non-governmental organizations and conservation groups can be 
an effective approach to building trust and credibility around treated wastewater reuse 
projects (Bixio et al. 2006). Oftentimes the only message people hear about water reuse 
projects are examples of failure (Jeffrey and Temple 1999; Wegner-Gwidt 1991). In 
order to change the mood around treated wastewater reuse, efforts can also be made to 
provide potential users with clear and easy to understand information about successful 
reuse projects to the public through popular media and extension services.  
 
1.2.2 Public health & environmental risks 
The handling and application of treated wastewater to food crops carries a variety of risks 
to public health. Some of these risks are well-understood and manageable, but others 
have yet to be fully studied. Additionally, there are several facets to public health to 
consider, including: the potentially harmful compounds and pathogens found in treated 
wastewater, practices to limit exposure to the farmworker, and risks to soil properties and 
groundwater quality. 
 
1.2.2.1 Compounds and pathogens common to treated wastewater 
Genotoxic substances, heavy metals, endocrine disrupting compounds, and pathogens 
may all be present in treated wastewater at some level depending on its origin and the 
degree and efficacy of treatment. Genotoxic substance are those which are capable of 
damaging genetic material in potentially both plants and animals. Many studies (e.g. 






confirmed that genotoxic substances can be found in both domestic and industrial 
wastewaters, and they are not completely removed, but sometimes even intensified by 
wastewater treatment processes. When these waters are used for irrigation the genotoxic 
effects of the substances can be exhibited in plants (Swaileh et al. 2008). Heavy metals in 
particular can cause genotoxic effects, resulting in DNA mutations within the plant 
(Cenkci et al. 2009; Norton et al. 2010; Hengstler et al. 2003). Whether these effects are 
transferred on to the consumers of the plants, or by physical contact with the treated 
wastewater is an area which remains to be studied.  
Endocrine disrupting compounds (EDCs) enter waste streams through the use of 
pharmaceuticals, personal care products, and agricultural chemicals. EDCs can imitate 
naturally occurring hormones in the endocrine systems of animals and result in adverse 
behavioral and physiological effects. The impact of EDCs on humans and whether these 
compounds are taken up by crops has yet to be fully studied; however, these potential 
impacts are of significant concern and should be a primary focus of research in this field 
(Falconer et al. 2006). 
Many studies have reported negative health impacts, including infection and disease 
outbreaks, from using untreated or insufficiently treated wastewater for irrigation (Mara 
and Cairncross 1989). However, in some regions of the world, treated, or even raw 
wastewater may contain a lower count of microorganisms than the surface water 
currently used for irrigation (Carr et al. 2004). The transmission of pathogens (pathogenic 
viruses, bacteria, protozoa, and helminths) is one of the most well-understood aspects of 
treated wastewater reuse, so proper treatment techniques and safe farm worker practices 
can be employed to mitigate the risk.  
 
1.2.2.2 Mitigating risk to the farmworker and consumer 
Steps can be taken to reduce the risk of contamination of crops with pathogens.  Some of 
these measures include being mindful of the treatment retention time of farm/household-






non-vegetable crops and those which are cooked before consumption, ceasing irrigation 
for a sufficiently long period before harvest to ensure fruits are dry of irrigation water and 
less-likely to carry pathogens, drip or microirrigation opposed to flood and spray 
irrigation, wearing protective clothing like boots and gloves,  and good personal hygiene 
practices (Carr et al. 2004; Mara and Cairncross 1989). Local policies for treated 
wastewater reuse often dictate minimum times between last irrigation and harvest, and 
genres of crops suitable for irrigation.  
 
1.2.2.3 Soil and groundwater risks 
Irrigation with treated wastewater can be considered in itself an additional treatment 
phase for wastewater with the uptake of nutrients by plants and the adsorption of cations 
in the soil serving as a medium for water quality improvement. In sensitive coastal and 
riparian areas, reuse of treated wastewater, opposed to direct discharge, may protect the 
quality of surface water resources. For example, in the Gaza Strip, the majority of 
wastewater is discharged to the Mediterranean Sea without adequate treatment, or any 
treatment at all, and groundwater resources have been found to be contaminated with 
nitrate (Al-Agha and Mortaja 2005). By finding creative ways to treat and reuse 
wastewater in the Gaza Strip, the Mediterranean could be protected from further pollution, 
while simultaneously improving the livelihoods of Palestinian farmers (Shomar et al. 
2004).  
Furthermore, shifting to treated wastewater for agricultural purposes can reduce the 
pressure on already strained groundwater resources: freeing up freshwater to fill growing 
domestic demands. The use of treated wastewater may also reduce the cases and severity 
of seawater intrusion in areas where groundwater over-extraction is occurring (Qadir et al. 
2010). Maintaining groundwater levels by reducing withdrawals for agriculture, and the 
leaching of treated wastewater into the water table can push saltwater back toward the sea, 






These benefits are not without some risks though. While there are countless examples 
from around the world where poor management of wastewater has adversely affected the 
quality of groundwater (e.g. Shomar et al. 2008; Foppen 2002; Chen et al. 2010), the 
number of studies monitoring the managed application of treated wastewater and its 
interaction with groundwater are limited. One such study of a golf course in Spain 
concluded that the use of treated wastewater for irrigation increased the calcium and 
magnesium content of groundwater and storage of sodium in the top 50 cm of soil has led 
to salinization (Candela et al. 2007). Similar findings were reported from a comparison 
study of lands irrigated with both freshwater and treated wastewater in Israel (Kass et al. 
2005). Long-term irrigation with waters high in salts and alkalinity can compromise soil 
structure and fertility. Also, irrigation with waters containing grease and oils and prevent 
infiltration, cause odors, and attract vectors. In order to ensure the sustainability of 
irrigation with treated wastewater, care must be taken to monitor the quality of the 
irrigation water, groundwater, and soil over the short and long term (Mohammad and 
Mazahreh 2003; Kiziloglu et al. 2008). 
 
1.2.3 Policy 
Within countries and states, multiple ministries, agencies, levels of government, the 
private sector, etc. are all involved in water reuse, and as a result there can be multiple 
and conflicting standards and guidelines for treated wastewater reuse in agriculture. Few 
examples of cooperation towards a unified structure of decision-making and authority 
between national and regional ministries exist, with the exception of Tunisia, and even 
there the system is not perfect. Further complicating the issue, in developing areas, 
residents and farmers are generally more concerned with being provided sufficient 
quantities of water for domestic and agricultural purposes, with less consideration given 
to quality.  
The development of policy for wastewater reuse is generally driven by need. Countries 






freshwater resources and the resulting economic and food security benefits arising from 
having adequate supplies of water for cultivation of agricultural products. If we take the 
United States as an example, the United States Environmental Protection Agency has 
general guidelines for the reuse of treated wastewater in agricultural production; however, 
the state of California has much more developed policy dictating reuse. This stems from 
the fact that water resources are highly coveted in California and agriculture in that state 
is dependent upon irrigation. Other states in the US heavily invested in agricultural 
production either have more water renewable water resources, or have more favorable 
weather patterns which decrease the need for irrigation.  
The development of criteria for treated wastewater reuse are generally based on two 
factors: (1) the occurrence of potentially toxic substances, and (2) the occurrence of 
pathogens. From these two criteria, other factors are commonly found in in reuse policies, 
including: types of crops to be irrigated, type of irrigation scheme to be used, degree of 
contact with farmworkers and potential contact with the public, days between last 
irrigation and harvest, and frequency of monitoring of water quality.  
California’s stringent wastewater reuse policy set a precedent and as a result most 
countries with developed policies for treated wastewater reuse are either based off of 
California or the World Health Organization guidelines (Angelakis et al. 1999). The cost 
of implementing policies like that of California, which are more strict and require 
disinfection as part of the wastewater treatment process, can render the policy too costly 
for less-developed countries with only primary or secondary treatment of wastewater 






Table 1.1 Select criteria and maximum limits for irrigation with treated wastewater for crops consumed by humans 
Analyte WHOa US EPAa Californiaae Indianab 
Palestinian 
Territoriesce Tunisiaa Qatard 
Type of regulation 
guidelines guidelines law 
law, permit 
required 
guidelines law law 





T-22 327 IAC 6.1 ICS 13.030 NT 106.02  
Minimum treatment required stabilization 
pondsc 





























BOD5 (total) (mg/L)  10  10 60 30 10 
Suspended solids (mg/L)  5g  5 30 30 50 
Turbidity (NTU)  2 2 2    
pH    6-9 6-9 6.5-8.5 6-9 
Conductivity (dS/m)      7.0  
Dissolved O2 (mg/L)   Present  >1  >2 
Total coliform (MPN/100mL)  0e 2.2 (50%)j    2.2 
Fecal coliform (MPN/100mL) 1000   0e 1000   
Helminths (eggs/100mL) 1     <1 <1 
Residual available Cl (mg/L)  1.0 Present 1.0   0.1 
Salinity     SAR < 5.83   
Metals    yes yes yes  
a Angelakis, et al. (1999); b Indiana Department of Environmental Management (2013); c Palestinian Ministry of Agriculture (unpublished); d Qatar Ministry of 
Environment (unpublished); e Spray irrigation; f Low quality irrigation; g Stabilization ponds in series with adequate retention time  h Use suspended solids if turbidity 








1.2.4 Characterization of treated wastewater and related quality  
Definitions of gray water (graywater, grey water, greywater, gray wastewater) and black 
water are somewhat inconsistent between regions and publications. For example, in 
Australia, some experts consider kitchen effluent to be part of black water opposed to 
gray water because its organic content is typically higher than wash waters (Gulyas 2007). 
Treated wastewater as a term tells us very little about the quality of the water because of 
varying treatment processes, overloading of facilities resulting in decreased retention 
times, and mixing of domestic and industrial effluents (Qadir et al. 2010). Treated 
wastewater in one location may look very different than treated wastewater in another. 
This combination of semantics, typology, and variance in processes occurring under the 
same title all contribute to characterization challenges before the range of constituents 
and their interactions are even considered.  
Characterization holds significant spatial challenges as well. One of the major challenges 
in characterizing and subsequently treating waste waters is the variation in its 
composition between households, communities, and regions. Chemical oxygen demand 
(COD) values for household wastewater may vary from 40 to 400 mg/L depending on the 
types of detergents and soaps used in household cleaning and bathing (Al-Jayyousi 2003).  
Biological characterization is also a challenge as households with individuals suffering 
from enteric disease can impact pathogen counts. Furthermore, personal and household-
level behavior such as frequency of showering, laundry washing, use of personal care 
products, household chemicals, and even the quality of the original domestic water source 
can impact household effluent quality. In arid regions like the MENA, evapotranspiration 
and relatively low household water consumption can further concentrate wastewater 
constituents.  
 
1.2.4.1 Gray water versus wastewater 
Casanova et al. (2001) suggests that concentrations of microorganisms present in gray 







water may have higher total coliform counts than black water due to the physical and 
chemical characteristics of gray water, including increased phosphates, ammonia, and 
turbidity from washing and kitchen waste (Rose et al. 1991). Again, biological 
characterization is also a challenge in gray water as household practices (bathing babies 
and laundering diapers) and occurrence of disease in the household can dramatically 
impact fecal coliform and pathogen counts. However, one study states that the use of 
untreated gray water did not result in any negative health impacts as the risk of fecal 
contamination is limited to households that “bathe babies in the sink or wash diapers in 
the laundry” (Faruqui and Al-Jayyousi 2002).  
 
1.2.4.2 Reporting and availability of data 
Reporting and availability of historical data further complicates the characterization of 
wastewater quality, and the ability to generate informed policy and action plans related to 
wastewater reuse (Sato et al. 2013). Political challenges, under-reporting, and lack of 
reporting or monitoring all together complicate the issue of obtaining reliable data related 
to water use and wastewater production and treatment. 
 
1.2.5 Selection of appropriate treatment technology 
Engineers and development practitioners are burdened with the challenge of selecting a 
wastewater treatment technology that is appropriate to the local area, not only from the 
standpoint of environmental conditions, but also considering the unique political, 
economic, and social situations which have the ability to impact the way wastewater is 
managed and valued. Technologies for treating wastewater vary from the most basic 
gravity-fed systems, up to state-of-art ultrafiltration or reverse osmosis treatment plants. 
Capacities can vary from the household level, to small town level, to major metropolitan 
level: serving a few people up to a few hundred thousand. All too often wastewater 
management projects fail because attempts are not made to integrate socio-economic 







the project. This point is reiterated in the literature, specifically for Palestinian 
communities (e.g., Al-Sa'ed and Mubarak 2006; Shaheen 2003) and elsewhere in the 
MENA (e.g., Bakir 2001; Jiménez and Asano 2008).  
In Palestine, household gray water treatment units (GTWUs) have been promoted as a 
means to reduce flows into household septic tanks or cesspits and provide an alternative 
source of irrigation water for the gardens of Palestinian households. Studies have found 
that processing water through GWTUs in this way can decrease suspended solids, 
chemical oxygen demand, biochemical oxygen demand, total nitrogen, and fecal coliform 
counts (Al-Hamaiedeh and Bino 2010; Al-Jayyousi 2003). Decentralization of 
wastewater treatment though units like these, or other household-level technologies, can 
be an economical solution to sanitation for rural and peri-urban areas. Advocates for 
decentralization of wastewater treatment claim that the opportunities for reuse are much 
greater when wastewater is kept closer to potential locations of application, opposed to 
being transported away to a centralized treatment facility (Parkinson and Tayler 2003). 
Decentralization poses some challenges and risks in that it puts the responsibility of 
management and monitoring of treated wastewater quality on to the household or 
neighborhood. 
 
1.2.6 Costs associated with wastewater treatment 
Once water has been extracted from a source, treated, distributed, used, conveyed to a 
treatment plant, retreated, and finally discharged to the environment or other productive 
use, it has been through a number of expensive operations. We know that water, 
particularly for irrigation, is underpriced (e.g. World Bank 1997; Ahmad 2000), but what 
do we know about the cost of treating wastewater? As wastewater treatment technologies 
can vary from the most basic gravity-operated systems to the most sophisticated ultra-
filtration systems, requiring wildly different energy inputs and labor to operate, the 
effluent exiting these systems amass very different costs. Both wastewaters treated with 







the environment or employed in some reuse strategy. The question remains whether the 
benefits are really worth the cost to treat wastewater to nearly potable levels, or whether 
employing less energy and labor intensive approaches might be just as effective. In an 
economic analysis of sewage utilities in Ontario, Canada, Renzetti (1999) calls for 
sewerage pricing reform and concludes that pricing should be function of volume of 
wastewater treated, input costs, and the kind of treatment technology used.  
 
1.2.7 Opportunities for increased food security 
Studies have shown that rural, developing communities provided with suitable quantities 
of affordable irrigation water, using some advanced cultivation techniques, and with 
access to a demanding market, have the capacity to increase household earnings and food 
security (e.g. Hussain 2007; Lipton 2007; Merrey et. al 2005; Polak 2005; Raschid-Sally 
et al. 2005). Even developed countries stand to benefit from increased water resources for 
irrigation from the perspective of sustainable domestic food production, decreased costs 
from imported products, and related environmental benefits (e.g. Lazarova et al. 2001; 
Miller 2004; Qadir et al. 2007). Over the long term, application of untreated and treated 
wastewaters has shown to improve soil fertility and organic content, and additional 
nutrients found in treated wastewater can ultimately increase crop yield while decreasing 
the need for input of synthetic fertilizers (e.g., Kiziloglu et al. 2008).  
 
1.2.8 Comparison with land application of animal manure and wastewaters 
Population growth, increasing global standards of living, and increased global demand 
for food are not only impacting the production of municipal wastewater globally, but are 
also influencing the production of livestock wastes and wastewaters. As economies 
improve in the developing world, and world population increases, it is estimated that 
between 1993 and 2020 the demand for milk will have increased by 200 billion liters per 







1999). This increased demand and subsequent intensification in livestock production will 
change the way in which nutrients flow through an agricultural scheme. In traditional 
agricultural operations, the manure from a modest number of livestock would provide 
nutrients for the production of fodder and subsequently a balanced household “basket” of 
vegetables, grains, and animal products for the family or community. With the increased 
demand for animal products and global divergence from smallholder farming, livestock 
operations have been forced to intensify, thus disrupting the delicate nutrient cycle and 
resulting in large amounts of livestock wastes that are not readily absorbed into 
traditional waste management systems (Martinez et al. 2009).  
The risks, benefits, and challenges of reusing livestock wastes and wastewater in 
agricultural production are largely the same as reusing municipal treated wastewater: 
public and farmer perception, cost of infrastructure, cost and challenges of adhering to 
policies, risks to groundwater, opportunities for increased agricultural productivity, 
protection of riparian and coastal areas, etc. (Knight et al. 2000; Hawke and Summers 
2006; Westerman and Bicudo 2005). However, treatment technologies are rarely as 
advanced for manure and livestock wastewaters as they are for municipal wastewater. 
Some of the reasons for the lack of adoption have been: lack of economic incentive, 
complexity to operate and maintain for the average livestock operator, and poor 
adaptation of technologies to the context of livestock operations (Martinez et al. 2009). 
Livestock operators in the United States and Europe are more likely to adopt the practice 
of composting solid manure, or separating liquids from solids to produce a product more 
viable for land application, or convert the waste to energy to offset the cost of operating 
the farm, than adopting a complicated treatment system. 
The nature of livestock production and manure management varies considerably between 
the Middle East and North Africa (MENA) and the Midwest United States. Generally, 
livestock production in the MENA is characterized by open land grazing. Livestock are 
not commonly produced in confined and concentrated operations like the Midwest United 
States, but instead graze on communal lands. It is estimated that 65% of farmers in 







smallholder farmers with less than 20 hectares of land (Kayouli 2000). In Palestine, only 
7.6% of farmers have livestock holdings, and in Qatar, the statistics show that 76% of 
farms have livestock, but the number of farms is relatively low and there is considerable 
variation in the herd sizes (Isaac and Hrimat 2007; Qatar National Food Security 
Programme 2011). For example, two-thirds of Qatari farms report having sheep, but the 
herds range from 3 heads to 1,500 heads (Qatar National Food Security Programme 
2011). As of 2007 in the US state of Indiana, 44 of the 92 counties had at least one (14 
counties had 50 or more) confined feeding operation, which is defined as “at least 300 
dairy cows, 600 swine or sheep, or 30,000 poultry” (Thompson 2008). This disparity in 
quantity of production and intensity of production results in a very different situation 
regarding the prevalence and acceptance of reusing livestock wastes and wastewaters in 
agricultural production.  
Given the differences in the way livestock are produced, there are simply fewer 
opportunities in the MENA to collect manure or livestock wastewaters and apply them to 
agricultural areas as a soil amendment or source of irrigation. Traditionally, farmers have 
used animal manure to improve soil fertility and structure, but from observations of rural 
farms, it is not a significant component of the agricultural production scheme. With the 
advent and increased accessibility of synthetic fertilizers, farmers in the MENA rely even 
less than they have in the past on manure for fertilizer. In contrast, the intensification of 
livestock production in Indiana leaves the state with large quantities of livestock wastes 
that must be disposed. Land application is viewed largely as a means of disposal and a 
method for treatment of the waste, opposed to a value-laden product to improve soil 
conditions for production. This is also apparent in the policies regulating the application 
of livestock wastes to agricultural lands. In order to facilitate the safe disposal of 
livestock wastes, the quality standards and monitoring requirements in Indiana and 
throughout the United States are less rigorous than those imposed on the land application 
of municipal wastewater or bio-solids (Indiana Register 2012). Regulations for livestock 
waste application are generally more focused on nitrogen or phosphorus content than on 








Despite the common risks associated with exposure to both livestock wastes and 
municipal wastes, the general perception around the use of livestock wastes seems more 
relaxed. Perhaps this is due in part to the history and familiarity with livestock wastes 
being part of a crop production scheme, and the relative lack of experience among 
farmers and the public with using municipal wastewater and bio-solids. Although 
perceptions are generally more favorable toward the use of animal waste than human 
waste in agriculture, the literature around public acceptance seems to read much the same 
as it does for municipal wastewater reuse: calling for education of the public and farmers 
about the benefits and management of risks associated with its use. 
Weida (2003) suggests that as EPA regulations become stricter regarding the 
management of manure from confined animal feeding operations (CAFOs), and the cost 
to be in compliance with the regulations becomes greater, we may observe a geographical 
shift from CAFOs operating in North America and Europe, to less developed countries 
where the environmental regulations are easier and less expensive to meet. As such, and 
if the water demand of such operations can be met, we may see a shift in the use of 
livestock wastes and wastewaters in agricultural production to some less-developed 
countries in the MENA.  
 
1.3 Research objective 
The overall goal of this research is to take a holistic view of the limitations facing 
communities with regard to integrating treated wastewater in agricultural production 
schemes. This research considers unique communities in Palestine, Tunisia, Qatar, and as 
a comparison, the state of Indiana in the United States, and evaluates the limitations 
which technology, policy, and farmer perceptions place on the potential for treated 
wastewater reuse in agriculture. Specifically, the following chapters: (1) consider unique 
applications of irrigation with treated wastewater in Palestine, Tunisia, and Qatar, (2) 
assess the factors influencing public perception of treated wastewater reuse, (3) propose a 







demand gap, and (4) explore in depth cases of irrigation with treated wastewater in 
Tunisia and Indiana (USA).  
 
1.4 Organization 
This dissertation is composed of seven chapters including the introduction and six 
subsequent chapters: 
CHAPTER 2: An evaluation of wastewater treatment facilities and agricultural reuse 
schemes in Palestine, Tunisia, and Qatar, including: (1) a description of wastewater 
treatment facilities involved in treated wastewater reuse, their treatment efficacy, and 
relevant local social and technical constraints, (2) a comparison of the cost of 
construction and operating costs for each facility versus the quality of effluent produced, 
and (3) a discussion of the major technical, social, and infrastructural challenges 
associated with treated wastewater reuse in these locations. 
CHAPTER 3: A study focused on various aspects of farmer perception of treated 
wastewater reuse in Palestine, Tunisia, and Qatar, including: (1) understanding the 
primary factors limiting or driving interest in treated wastewater reuse among agricultural 
producers’, (2) identifying what safety measures are commonly practiced by farmers 
using treated wastewater, (3) determining farmers’ willingness to pay for treated 
wastewater, compared with other sources of irrigation water, and (4) identifying the roles 
local organizations play in providing oversight to treated wastewater reuse programs and 
opportunities for better extension and outreach to farmers. 
CHAPTER 4: A framework for quantifying the potential of treated wastewater to fill the 
water supply-demand gap for specific locations is presented. The approach is 
demonstrated in a case study in Gabès, Tunisia.  
CHAPTER 5: A case study of the Dissa Agricultural Area in Gabès Governorate, Tunisia 
evaluates whether Dissa is meeting its original goals and identifies best practices for 







follow-up survey in 2013 are presented. [Under review: Boukchina, R., A. Dare, and F. 
Khalfali. An evaluation of a treated wastewater reuse scheme in southern Tunisia.] 
CHAPTER 6: A case study highlighting the treated wastewater irrigation experiences of 
two Indiana communities (Kewanna and Bourbon) and results from a survey of Indiana 
farmers regarding their perception of irrigation with treated wastewater. [Under review: 
Dare, A. Soybeans from sewage: The state of irrigation with treated municipal 
wastewater in Indiana.] 
CHAPTER 7: The major findings of the chapters are summarized, followed by suggested 
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CHAPTER 2.  WASTEWATER TREATMENT AND TREATED WASTEWATER 
IRRIGATION IN PALESTINE, TUNISIA, AND QATAR 
2.1 Abstract 
When selecting a wastewater treatment technology, wastewater characteristics and 
environmental conditions must be considered along with the unique technical, economic, 
political, and social factors that influence the local community’s water and sanitation 
sectors, including how the treated effluent ultimately will be utilized. In this study, 
wastewater treatment facilities in Palestine, Tunisia, and Qatar have been evaluated for 
their potential to be part of a treated wastewater reuse scheme for agricultural production. 
Pre and post treatment water quality and cost of operation are reported, as well as the 
situation of each treatment facility and corresponding agricultural sector. In each location, 
influent and effluent samples were collected from the wastewater treatment facility and 
operators were asked about the facility’s operation and maintenance history. Results 
suggest that simple, low-cost, and well-maintained wastewater treatment facilities have 
the potential to produce effluent adequate for use in agriculture.  Challenges to 
implementation include: the proximity of the wastewater treatment facility to an 
agricultural area and high salinity of treated wastewater at some locations. This study 
may inform future reclaimed water projects in these study locations by identifying 
common challenges and opportunities associated with treated wastewater reuse schemes.  
 
2.2 Introduction 
Technologies to treat wastewater emerged in the mid-19th century. While research 
continues on specific topics like nutrient recovery and removing contaminants of 
emerging concern, primary and secondary treatment technologies are considered well-







are confronted with selecting a wastewater treatment technology that is appropriate for 
the local community. Appropriate technologies must consider the local environmental 
conditions and technical constraints, as well as the unique political, economic, and social 
factors that may impact the way wastewater is managed, valued, and perceived. 
Technologies for treating municipal wastewater vary from the most basic gravity-fed 
systems, conventional treatment plants (primary, secondary, tertiary), to state-of-the-art 
nanofiltration or ultrafiltration, or membrane technologies (reverse and forward osmosis) 
treatment plants. Capacities can vary from the household level, to small town level, to 
major metropolitan level: serving a few people up to a few million.  
Once water has been extracted from a source, treated, distributed, used, conveyed to a 
treatment plant, re-treated, and discharged, it has been through a number of expensive 
operations. Different water and wastewater treatment technologies require different levels 
of energy input and labor to operate: resulting in variable costs per unit of treated 
wastewater effluent. Water, particularly irrigation water, is underpriced (e.g., World Bank 
1997; Ahmad 2000), but what about the actual costs associated with treating wastewater? 
The question remains whether simple wastewater treatment technologies (which are less 
expensive and energy intensive) might be just as effective for treating wastewater 
destined for reuse in agricultural and industrial settings. It is possible that lower-tech and 
less costly systems, opposed to imported, mechanical plant designs, have the potential to 
provide adequate treatment to wastewater intended to be used in agriculture. 
The research settings for this paper include communities in Occupied Palestinian 
Territories (West Bank and Gaza), Tunisia, and Qatar (Figure 2.1). Studies in the 
Occupied Palestinian Territories (e.g., Fatta 2004; Haddad and Mizyed 2003; Shaheen 
2003; Shomar et al. 2004; Shomar et al. 2008), Tunisia (e.g., Bahri and Brissaud 1995; 
Martijn and Redwood 2005), and Qatar (e.g., Ahmad 1988; Al-Zubari 1998; Shomar et al. 
in press) all point to wastewater reuse in agriculture as a means to address the challenges 
of wastewater disposal, treatment, and food and water security. This study considers the 
wastewater treatment systems and the potential for reuse in unique communities in the 







treated wastewater reuse, their treatment efficacy, and relevant local social and technical 
constraints, (2) a comparison of the cost of construction and operating costs for each 
facility versus the quality of effluent produced, and (3) a discussion of the major 
technical, social, and infrastructural challenges associated with treated wastewater reuse 
that were observed in each study location. 
 
 
Figure 2.1 Map of study locations 
 
2.3 Setting and facility descriptions 
The Middle East and North Africa (MENA) is among the driest regions in the world: 
containing just 1% of the world’s freshwater resources and 5% of the world’s population 
(World Bank 1996). Wastewater reuse seems like a logical approach for bridging the 
supply-demand gap in this arid region, but limitations impede increased adoption of 
wastewater reuse in agriculture: inadequate extension to farmers; incomplete economic 
feasibility analysis; perceived high cost of implementing networks to distribute treated 
wastewater; lack of commitment by decision makers to enact comprehensive water and 
wastewater management policies; disparity between water pricing and actual water cost; 
a general societal preference for freshwater over treated wastewater; and inefficient or 







Governments globally desire to provide universal sanitation service (100% wastewater 
treatment) and to address growing concerns of food and water security. This desire has 
triggered increased interest in treated wastewater reuse: resulting in various approaches 
and technologies to treat and reuse wastewater. In the following, the wastewater 
treatment facilities in each study location and their associated treated wastewater reuse 
schemes, as applicable, are described. The scale of these facilities vary from rural to 
urban, big cities to small villages, advanced treatment technologies to low-tech household 
systems. Each site was selected in consultation with local partners based on the facilities’ 
potential to be part of a treated wastewater reuse scheme for agricultural production. An 
overview of the population, water withdrawals, and wastewater production in each 







Table 2.1 Summary of wastewater generated, treated, and used in study locations 
    
OPT  
(West Bank & Gaza) 
West Bank Tunisia Qatar 
Population  2013 4,420,549a 2,719,112a 10,937,521c 2,042,000c 
Total water withdrawals*  
Volume, Mm3/year 260 94b 2850 444 
(Reporting year) (2009) (2009) (2001) (2005) 
Agricultural water withdrawals* 
Volume, Mm3/year 189 33e 2165 262 
(Reporting year) (2005) (2010) (2000) (2005) 
Wastewater generated** 
Volume, Mm3/year 71 30e 287 55 
(Reporting year) (2001) (2010) (2009) (2005) 
Wastewater treated  
Volume, Mm3/year 30d 2e 226 117 
(Reporting year) (2001) (2010) (2010) (2012) 
Treated wastewater used 
Volume, Mm3/year 10 0e 68 47 
(Reporting year) (1998) (2010) (2010) (2007) 
Except as otherwise noted, the data were taken from the FAO-AQUASTAT (2014) database.; * Includes freshwater withdrawals, desalinated water produced, and 
direct use of treated wastewater; ** Annual volume of domestic, commercial and industrial effluents, and storm water runoff, generated within urban areas;  







2.3.1 West Bank, Occupied Palestinian Territories 
The West Bank relies solely on groundwater from wells, springs, and an allotment from 
the Israeli Water Company, Mekorot, to meet domestic, agricultural, and industrial water 
demands. In 2011, the quantity of water made available to the West Bank totaled 139.6 
million cubic meters (Mm3), with 88.3 Mm3 going to domestic uses, and the majority of 
the remainder allocated to agriculture (Palestinian Water Authority 2012). This figure 
does not account for harvested rainwater used for irrigation or household purposes. 
Bearing in mind the World Health Organization’s recommendation of 150 L/capita/day, 
the supply of water for domestic purposes in the West Bank is at a 128.2 Mm3 deficit 
(Palestinian Water Authority 2012). Around 5% of the population of the West Bank is 
not connected to a municipal water network, and around 60% is not connected to a 
wastewater collection network (Palestinian Central Bureau of Statistics 2011). 
The political situation of the West Bank hinders development in numerous ways, but 
specifically as it relates to wastewater treatment and management, it contributes to an 
unstable economy, challenges in the physical implementation of infrastructure, limits 
access to advanced technologies, and limits control over water and wastewater resources. 
Israel controls the planning and permitting of any water project, which can indefinitely 
delay the implementation of new projects and compromise financing. The West Bank has 
a total of six wastewater treatment plants in Al-Bireh, Ramallah, Jenin, Tulkarm, Hebron, 
and Nablus. The Al-Bireh activated sludge plant is the only plant operating properly, 
while other systems are considered to be operating with moderate or poor efficiency 
(Palestinian Hydrology Group 2008a). A new, modern sewage treatment plant has been 
constructed in West Nablus but is not on line. 
For the 60% of the population not connected to one of these wastewater treatment plants, 
they rely on septic tanks or cesspits to collect their household wastewater. Cesspits 
present significant risks to public and environmental health. Most cesspits in the West 
Bank are constructed without a concrete base, which allows wastewater to infiltrate into 
the ground and contribute to pollution of groundwater. These pits also attract vectors and 







when they are not evacuated regularly. Over-topping has obvious environmental and 
public health concerns, but also creates social problems as an over-land flow of 
wastewater may end up on a neighbor’s property.  Paying a vacuum truck to empty a 
cesspit of 5 cubic meters may cost as much as 100 NIS (28 USD), which is an expense 
that is not within the budgets of many households. 
Two wastewater treatment technology types in three locations in Ramallah and Al-Bireh 
Governorate in the West Bank, Palestine were selected for evaluation and are described 
in the following.  
 
2.3.1.1 Gray water treatment units, Kharbatha al-Misbah and Deir Qaddis, 
Ramallah/Al-Bireh Governorate 
Two gray water treatment units (GWTUs) from the communities of Kharbatha al-Misbah 
(population 3,345) and Deir Qaddis (population 2,283), located 12 to 15 kilometers west 
of Ramallah, were selected for evaluation (Palestinian Central Bureau of Statistics, 2013). 
In these villages, the Palestinian Hydrology Group (PHG), with financial support from 
various international donors and in-kind support from the beneficiaries, have installed a 
total of eight household-level GWTUs, serving 81 individuals.  
There are approximately 500 household-level gray water treatment units installed in the 
West Bank and Gaza. Although design features and capacity may vary, most units 
installed in the region use gravity to allow gray water (water from the shower, sinks, 
laundry, and kitchen) to pass from the house through a conduit into a multi-stage 
treatment unit with chambers for suspended solid settling, anaerobic degradation by up-
flow through a gravel medium, and filtration sometimes “polishing” through a gravel, 
sand, or activated charcoal filter (Palestinian Hydrology Group, 2008b). A schematic of 
units installed by PHG is provided in Figure 2.2. Each unit can process about one cubic 
meter of gray water per day. The only energy consumed by this system is by a small 
pump used to move water from the anaerobic tank (5) to the polishing phase (7). These 







to maintain and operate, the amount of land required is relatively small, and as they are 
small, no building permits are required for construction. Treated gray water from these 
systems are used to irrigate home gardens. 
 
 
Figure 2.2 GWTU schematic (not to scale; adapted from PHG, 2008b) 
 
2.3.1.2 Bani Zeid wastewater treatment system, West Bani Zeid Municipality, 
Ramallah/Al-Bireh Governorate 
West Bani Zeid Municipality was formed by a merger of Beit Rima and Deir Ghassana 
villages (total population 6,483) and is located 27 kilometers northwest of Ramallah. In 
2004, the municipality, with support from the Palestinian Hydrology Group, constructed 
a wastewater treatment system to serve 100 houses in its first phase of construction. The 
system provides secondary treatment through a combination of an up-flow anaerobic 
sludge blanket (UASB), two sedimentation chambers, and four constructed wetland cells 
planted with reeds. As of 2013, the system only had one constructed wetland cell and was 
connected to only 48 houses: processing approximately 40 m3/day of wastewater. The 







discharged into the wadi (ephemeral stream) below the system; however, a local olive oil 
cooperative has indicated interest promoting irrigation with the facility’s effluent among 
its members. 
The original design criteria for the Bani Zeid wastewater treatment system were as 
follows: 
Up-flow anaerobic sludge blanket (UASB): 
- Influent COD: 1,500 mg/L 
- Effluent COD: 300 to 450 mg/L 
- Design flow: 45.5 m3/day (100 connections, approximately 650 persons, assuming 
domestic water consumption of 70 L/capita/day) 
Constructed wetland: 
- Design flow: 80 m3/day 
- Influent BOD: 200 mg/L (assuming no UASB) 
- BOD loading rate: 55 kg/ha/day 
- Hydraulic loading rate: 0.047 m3/m2/day 
- Hydraulic retention time: 5 days 
- Water depth: 40 cm 
- Area: 0.18 ha per cell (4 cells designed, only one constructed) 
- Plant type: Reeds 
- Effluent BOD: 20 mg/L 
 
2.3.2 Tunisia 
Access to improved drinking water is nearly universal in Tunisia, and 90% of Tunisia’s 
approximately 11 million people have access to improved sanitation facilities (World 
Health Organization 2013). 84.2% of the population in communal areas is connected to 
one of the nation’s 61 wastewater treatment facilities (National Institute of Statistics – 







water sources like dams, while the remainder is from groundwater (FAO 2013). Since 
1965, Tunisia has been engaged in reusing their wastewater in order to reduce the 
pressure on groundwater resources susceptible to saltwater intrusion and in order to 
protect sensitive coastal ecosystems (Shaheen 2003). Simple technologies for wastewater 
collection and treatment, such as waste stabilization ponds and aerated lagoons are 
common in Tunisia; however, insufficient storage and distribution infrastructure limits 
the growth of treated wastewater reuse projects (Jiménez and Asano 2008). Two 
wastewater treatment facilities in southern Tunisia and their associated agricultural areas 
were selected for evaluation. 
 
2.3.3 Gabès Wastewater Treatment Plant and Dissa Agricultural Area 
The Gabès Wastewater Treatment Plant receives 20,000 m3/day of municipal wastewater 
from Gabès City (2004 population: 116,323) (National Institute of Statistics-Tunisia 
2013). The facility, managed by the Tunisian national agency for water and sanitation 
(ONAS) offers secondary wastewater treatment through an activated sludge wastewater 
treatment plant with an inlet screen, grit removal, aeration chambers, and clarifiers. 
Under normal circumstances, sludge would be removed regularly; however, following the 
Tunisian revolution of 2010-2011, the treatment plant has not received this routine 
maintenance and as a result the treatment efficiency has decreased. During the revolution, 
the laboratory and some of the equipment at the facility were vandalized and historical 
records were destroyed by fire. Despite these challenges, the facility continues to operate 
and a portion of the effluent from the plant is pumped to the Dissa Agricultural Area for 
reuse in agricultural production. Dissa is a government project conceived in order to 
increase employment and opportunities for irrigation with treated wastewater. The 








2.3.3.1 El Hamma Wastewater Treatment Plant and El Hamma Agricultural Area 
The El Hamma Wastewater Treatment plant receives 2,000 m3/day of municipal 
wastewater from the city of El Hamma (2004 population: 34,835) (National Institute of 
Statistics-Tunisia, 2013). The plant is managed by the same authority as the Gabès City 
plant (ONAS) and is of a similar design: providing secondary treatment through the use 
of activated sludge. The sludge is regularly removed and dried in sludge drying beds and 
then landfilled. The plant is located further from a center of population than the Gabès 
City plant, so it has not been subject to as much scrutiny or vandalism, but the operation 
and maintenance of the plant has still suffered following the revolution. A defining 
characteristic of El Hamma is the availability of geothermal heated water. Many 
traditional baths utilize this naturally hot water source, and as a result the temperature of 
the wastewater is very warm, high in surfactants, and the wastewater treatment facility 
struggles to control clogging in their systems due to a high load of human hair. Sixty 
percent of the effluent from this treatment facility is made available for farmers to irrigate 
fodder and tree crops in an adjacent agricultural area.  
 
2.3.4 Qatar 
Qatar is an oil-rich, and water poor country with an aggressive goal to become 40% food 
self-sufficient (Shomar et al. 2014; Doha News 2014). Qatar’s population has 
experienced extraordinary growth over the last decade. As of October 2013, the 
population of Qatar was estimated at 2,042,000 (CIA World Factbook 2013). Despite this 
growth, the country has managed to maintain an impressive level of infrastructure. 
Access to clean drinking water and improved sanitation are both universal, and within the 
major population center of Doha, 95% of the buildings are connected to a sewage 
network (Public Works Authority 2005). Desalinated water fulfills nearly all the domestic 
water demand in Qatar, while agricultural demand is fulfilled through a mix of 
groundwater, desalinated water, and treated wastewater. About 67% of treated domestic 
wastewater in Qatar is delivered free-of-charge to Doha for irrigation of landscapes (50%) 







in groundwater injection (21%) and discharged into a lake at Abu-Nakhla  (11%) (Public 
Works Authority 2005; Amer and Abdel-Wahab 2009; Ministry of Development 
Planning and Statistics 2014). 
 
2.3.4.1 Doha South Sewage Treatment Works 
Doha has two major wastewater treatment facilities and some additional smaller 
treatment plants which serve industrial operations and outlying areas. Both major 
wastewater treatment facilities (Doha South Sewage Treatment Works and Doha West 
Sewage Treatment Works) are activated sludge plants constructed in the late 2000s and 
use membrane filtration and chlorine disinfection. Doha South Sewage Treatment Works 
and Doha West Sewage Treatment Works (STW) are under full operation and 
maintenance (O&M) of French companies, Degremont and Veolia, respectively. The 
treatment processes include all levels: primary, secondary, tertiary, and selected advanced 
steps such as ultra-filtration and sand filters. Doha South and West STW can each 
process approximately 200,000 m3/day.  
 
2.4 Methodology 
Influent and effluent samples were collected from each treatment facility (as possible), 
and facility operators were interviewed about the operation and maintenance of the 
facilities. The method of analysis and parameters analyzed from the collected samples 
were dependent upon the capacity of the local laboratory. For all locations, more stable 
analytes, including metals and other elements (aluminum, arsenic, boron, cadmium, 
chromium, cobalt, copper, iron, lead, manganese, mercury, nickel, and zinc) and 
phosphate, samples were collected in 15 mL vials, acidified to < pH 2 with nitric acid and 
sulfuric acid, respectively, and were carried with blue ice packs in a cooler to Purdue 
University in accordance with standards for sampling, preservation, storage, and shipping 
of wastewater samples (American Public Health Association et al. 2005; US 







cellulose filter paper either in the field, or at the laboratory prior to analysis with a 
Perkin-Elmer ELAN DRC-e Inductively Coupled Plasma Mass Spectrometer (ICP-MS). 
 
2.4.1 West Bank, Occupied Palestinian Territories 
For samples collected from household gray water treatment units in May and June 2013, 
a composite influent sample was desired in order to obtain a profile of effluent from an 
entire day. To obtain a composite sample, the inlet pipe was disconnected from the gray 
water treatment unit and diverted into the bottom of a 150 L barrel. An overflow pipe was 
connected to the top of the barrel to allow any gray water in excess of the barrel volume 
to enter the gray water treatment unit. After 24-hours of collection, the water in the barrel 
was agitated and a sample was taken. The gray water remaining in the barrel was dumped 
into the inlet of the gray water treatment unit. The following day, a grab sample of 
effluent was collected from the final stage of treatment. The process was repeated three 
times over six days.  
For Bani Zeid Wastewater Treatment System, grab samples were collected over four days 
in May and June 2013. All samples were collected in acid-washed polyethylene bottles. 
Sample temperature and pH were recorded in the field, and time-sensitive parameters 
were analyzed by the Birzeit University Testing Laboratory.  Those parameters included 
biochemical oxygen demand (BOD), chemical oxygen demand (COD), total suspended 
solids (TSS), total dissolved solids (TDS), electric conductivity (EC), sodium adsorption 
ratio (SAR), chloride (Cl-), fluoride (F-), nitrogen (nitrate, NO3
-), nitrogen (ammonia, 
NH3), selenium (Se), and fecal coliform.  
 
2.4.2 Tunisia 
Grab samples were collected over multiple days at both Dissa and El Hamma agricultural 
areas in November 2013. As the sampling period was short and the Gabès City and El 
Hamma wastewater treatment plants are not operating as well as in the past, we rely on 
historical effluent data from a date (pre-revolution) when the plants were operating as 







All samples were collected in 1.5 L water bottles. Sample temperature and pH were 
recorded in the field, and other parameters were analyzed at the Institute of Arid Lands 
laboratory in Gabès. BOD5 was analyzed using a Hach BODTrakTM respirometric 
apparatus. COD was analyzed using the standard potassium dichromate method (APHA 
1985). Nitrate (Hach Method 8039), orthophosphate (Hach Method 8048), and chlorine 
(Hach Method 8167) were all analyzed using a colorimetric method with Hach reagent 
pillow packs (Hach 2013a; 2013b; 2013c). Electrical conductivity (EC) was measured 
using a conductivity probe. 
 
2.4.3 Qatar 
Grab samples were collected in July 2013 from Doha South STW at seven points through 
the facility (specified in Table 2.A7). Samples were collected in acid-washed 
polyethylene bottles. Sample temperature and pH were recorded in the field, electrical 




A summary of the water quality analyses conducted for each research location is 
provided in Table 2.2. Full datasets for each location, including analysis of heavy metals, 
is located in the Appendix. Characteristics of each wastewater treatment facility are 








Table 2.2 Summary of wastewater quality and respective standards for treated wastewater reuse 
  pH BOD5 COD EC TKN NO3- NH3 PO43- FC 
    (mg/L) (mg/L) (μS/cm) (mg/L) (mg/L) (mg/L) (mg/L) (cfu/100 mL) 
PALESTINE 
Standarda 6 - 9 60 150 -- -- 40 15 -- 1000 
Kharbata al-Misbah GWTU 
     Influent 5 - 6 470 - 867 1873 - 1170 2380 - 2640 
 
0.93 - 1.02 6.0 - 30.5 
 
2.02E7 - 2.92E6 
     Effluent 7 35 - 183 70 - 287 3050 - 3690 
 
13.0 - 21.2 38.1 - 51.1 
 
1.067E3 - 3.76E6 
Deir Qaddis GWTU 
     Influent 5 - 8 642 - 867 1537 - 3273 2540 - 4090 
 
<0.05 - 0.69 4.9 - 30.9 
 
8.76E6 - 8.34E7 
     Effluent 7 204 - 444 403 - 1673 2560 - 3050 
 
<0.05 - 0.83 25.8 - 33.6 
 
2.44E5 - 9.55E5 
Bani Zeid WWTS 
     Influent 7 177 - 807 606-2420 3090 - 3620 
 
<0.05 - 5.74 91.1 - 148.9 
 
5.68E6 - 4.32E7 
     Effluentb 7 60 - 133 220-337 3600 - 3870 
 
<0.05 - 11 128.8 - 145.2 
 
1.52E5 - 3.00E5 
TUNISIA          
Standardc 6.5 - 8.5 30fg 90fg 7000 -- -- -- -- -- 
Gabès City WWTP 
     Effluent (2004)d   2.5 - 5.9 17.1 - 44.9 
 
2.2 - 3.9 4.1 - 37   2.2 - 49.3 2.00E2 - 6.50E2 
     Effluent (2013) 7 31.0 - 60.0 46.5 - 139.4 4520 - 4420   0 - 14.6   8.20 - 10.44   
El Hamma WWTP 
     Effluent 7 - 8 20.0 - 20.8  223.9  5120 - 5140   23.5 - 39.0   3.6 - 4.5 1.19E6 - 2.10E6 
QATAR          
Standarde 6 - 9 10 150 --  -- -- 15 30 2.2 
Doha South STW 
     Influent 7.18  156h 395h 1643       8.5h   
     Effluent 7.16  1 h 19h 2093 4.6h     1h 0 g 
a Palestinian Ministry of Agriculture standard for “low quality” treated wastewater irrigation (unpublished); b this facility was rehabilitated shortly after these 
samples were taken; c standards derived from 1975 Water Code, and subsequent decrees and standards issued in 1989; d adapted from Meftah (2004); e Qatar 
Ministry of Environment, undated; f 24-hour composite sample; g Except with special authorization; h Average quality as reported by Doha South STW (unpublished); 








Table 2.3 Wastewater treatment technologies, associated costs and characteristics 
No. Technology Location 
Year 
constructed Design capacity Actual flow 
No. connections  


















































inlet screens, grit 









200,000 m3/day  200,000 m3/day -- 
350,000,000 USD ‡ 
 
7 
inlet screens, grit 





















Table 2.3 continued.  




Sewer or connection rate 
for customer Applications of treated wastewater 
1 
Palestinian Hydrology Group (foreign 
grants), in-kind labor 
negligible none home gardens (100%) 
2 
Palestinian Hydrology Group (foreign 
grants), in-kind labor 
negligible none home gardens (100%) 
3 
Palestinian Hydrology Group (foreign 
grants),  Palestinian Water Authority 
none 
Connection fee:  
1.40 USD/m2 built-up area 
Sewer rate:  
0.42 USD/m3 freshwater 
discharged to wadi (100%) 
4 
 
government -- -- tree and fodder crops (30%), industry (10%) 
5 
 





















landscape (35%), fodder crops (60%), 
lagoon (5%) 
'--'  Data not available; † Approximate figure calculated using records available from facility; a See “Research setting” for description of technology; b A separate 










For all locations, treated wastewater quality has been compared with local standards for 
agricultural reuse to determine if the effluent is suitable for irrigating agricultural 
products. Heavy metal concentrations in the samples were well below standard limits and 
below detectable limits for many analytes (results presented in Tables 2.A1 through 
2.A7). 
 
2.6.1 Water quality 
In the Occupied Palestinian Territories, household gray water treatment units (GTWUs) 
have been promoted as a means to reduce flows into household septic tanks or cesspits 
and provide an alternative source of irrigation water for the gardens of Palestinian 
households. Studies have found that processing water through GWTUs in this way can 
decrease the concentration of suspended solids, chemical oxygen demand, biochemical 
oxygen demand, total nitrogen, and fecal coliform counts (Al-Hamaiedeh and Bino 2010; 
Al-Jayyousi 2003). However, essentially no monitoring of water quality is conducted for 
the GWTUs due to a lack of financial resources available among the municipality and 
organizations involved in water and sanitation to run a water quality monitoring program 
for gray and total wastewater effluent. Effluent from both GWTUs included in this study 
exceeded the limits for irrigation with treated wastewater set by the Palestinian Ministry 
of Agriculture for fecal coliform, BOD5, COD, total suspended solids, and ammonia. 
This treated gray water is used on home gardens and to produce vegetables; however, no 
adverse health effects or impact to crop quality were noted by the members of the 
household during interviews. In fact, these households enjoyed an improved economic 
situation as they were able to sell their vegetables in local markets. The health risk 
presented by the high levels of fecal coliform seems to be mitigated by use of drip 
irrigation and washing or cooking of products harvested from the home gardens. 
While the performance of both Palestinian and Tunisian facilities is outside of acceptable 
standards for several parameters, the parameter of greatest concern for irrigation waters is 







Tunisian national standard (7,000 µS/cm; 4,690 mg/L) and there is no standard for 
salinity dictated by Palestinian guidelines, an EC greater than 3,000 µS/cm (2,010 mg/L) 
may impose a severe restriction on crop yield (Ayers and Westcot 1985). Salinity limits 
the water availability to the plant. To mitigate high salinity, special management practices 
may needed to ensure successful crop production. In Tunisia, salinity may be due in part 
to degraded infrastructure between the municipal connections, treatment facilities, and 
agricultural areas which is allowing intrusion of salt water into the system. As water 
quality has only been consistently monitored at the exit of the wastewater treatment 
plants, and not on site at Dissa or El Hamma, it is unclear how long salinity levels have 
been elevated. Farmers at Dissa and El Hamma agricultural areas indicated some 
challenges in growing certain types of crops, particularly, pomegranates and olive trees. 
High salinity of the treated wastewater, combined with a lack of a drainage network at the 
farms may explain these difficulties. Similarly, in Palestine there has been no regular 
monitoring of system performance or effluent quality at the Bani Zeid wastewater 
treatment system since its installation, and at the time of sampling only minimal 
maintenance has been conducted. Since that time, a full rehabilitation has been carried 
out on the facility. However, at Bani Zeid the high salinity is likely a result of extremely 
concentrated influent wastewater and an inability of the treatment system to remove 
salinity. 
 
2.6.2 Proximity to agricultural areas 
Decentralization of wastewater treatment though GWTUs, can be an economical solution 
to sanitation for rural and peri-urban areas. Advocates for decentralization of wastewater 
treatment claim that the opportunities for reuse are much greater when wastewater is kept 
closer to potential locations of application, opposed to being transported away to a 
centralized treatment facility (Parkinson and Tayler 2003). Decentralization poses some 
challenges and risks, however, in that it puts the responsibility of management and 
monitoring of treated wastewater quality on to the household or neighborhood. For the 







of increased irrigation water. In these households, gray water is collected, treated, and 
reused all at the same location. Water losses are minimal because of the short conveyance 
distance, and there is increased transparency and confidence in the treatment process. 
El Hamma agricultural area in Tunisia is a successful example of treated wastewater 
reuse. Farmers at El Hamma own their own land and are not part of any government 
project or initiative for reuse. The agricultural area at El Hamma is adjacent to the 
wastewater treatment facility, and as a result, little additional infrastructure is required to 
connect the treated wastewater source with croplands. Less infrastructure results in fewer 
operation and maintenance issues, and increases the likelihood of uninterrupted delivery 
of water. 
 
2.6.3 Facility cost and demand for treated wastewater 
Qatar’s exceptional treated wastewater quality is indicative of their energy-based 
economy. Qatar can afford to install the best wastewater treatment facilities without 
regard for construction or operating costs. While the demand for treated wastewater is 
low, and relatively little treated wastewater is reused in agriculture, societal pressures 
require the national public works authority to provide the best wastewater treatment 
possible. The high level of treatment seen in Qatar and other Gulf countries sets an 
unrealistic standard for the rest of the region. Poorer countries in the MENA struggling 
with water scarcity and food security issues need more modest and economical solutions 
to water, sanitation, and food production. 
 
2.7 Conclusions 
The use of treated wastewater and other reclaimed waters will be of increasing 
importance as a growing population places pressure on existing water resources. From 
the surveyed examples in Palestine and Tunisia there is a demonstrated technical capacity 







due to political and geographical constraints there is public acceptance for reusing treated 
wastewater. Other countries, like Qatar, are reluctant to adopt treated wastewater as an 
alternative to freshwater despite the high quality of treated effluent available. This study 
confirms that wastewater treatment technologies are well-established and with proper 
maintenance and monitoring, most are capable of producing an effluent safe for use in 
production of certain agricultural products. However, when considering an issues as 
complex and interconnected with humanity as food production and sanitation, technology 
cannot be considered alone. Policy, public health, and perception of farmers and 
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Table 2.A1 Gray water treatment unit, Kharbata al-Misbah, Ramallah/Al-Bireh 
Governorate, Palestine 
Date Collected  29 May 2013 30 May 2013 31 May 2013 1 June 2013 2 June 2013 3 June 2013 
Time Collected  3:00pm 9:15am 4:05pm 10:00am 12:30pm 11:20am 
Type 
 
Raw GW Treated GW Raw GW Treated GW Raw GW Treated GW 
Sample Point 
 












  Standarda 
      
Ambient T (°C) 
 
-- 36 30 -- 39 -- 
Sample T (°C) 
 
-- 25 31 28 27 28 
pH 6-9 6 7 6 7 5 7 
BOD (mg/L) 60 470 35 549 65 867 183 
COD (mg/L) 150 1553 70 1170 184 1873 287 
TDS  (mg/L) 1500 1030 1260 1610 1280 1390 1390 
TSS (mg/L) 30 404 72 774 86 734 48 
Conductivity (μS) -- 2380 3690 2550 3050 2640 3550 
SAR 5.83 4.14 4.83 5.8 5.18 6.56 5.53 
Selenium (mg/L) 0.02 ND, < 75 ppb ND, < 75 ppb ND, < 75 ppb ND, < 75 ppb ND, < 75 ppb ND, < 75 ppb 
Chloride (mg/L) 400 296.9 367.2 351.6 364.3 378.4 361 
Fluoride (mg/L) -- 2.47 1.16 24 1.22 0.62 0.95 
Nitrate (mg/L) 40 0.98 14.2 1.02 13 0.93 21.2 
Ammonia (mg/L) 15 18.7 47.1 30.5 51.1 6 38.1 
FC (cfu/100 mL) 1000 2920000 1067 9100000 2556 20200000 3760000 
DO (mg O2/L) >1 0.64 1.2 0.71 1.2 0.68 0.99 
Aluminum (mg/L) 5 0.572 0.438 1.330 0.014 0.447 0.022 
Arsenic (mg/L) 0.1 0.002 0.014 0.002 0.016 0.002 0.018 
Boron (mg/L) 0.7 0.170 0.227 0.256 0.234 0.176 0.244 
Cadmium (mg/L) 0.1 <0.001* <0.001* <0.001* <0.001* 0.015 <0.001* 
Chromium (mg/L) 0.1 0.005 0.004 0.011 0.004 0.006 0.004 
Cobalt (mg/L) 0.05 <0.001* 0.002 0.001 0.002 0.001 0.002 
Copper (mg/L) 0.2 0.025 0.012 0.035 0.008 0.095 0.006 
Iron (mg/L) 5 1.130 1.710 0.931 1.780 2.420 1.550 
Lead (mg/L) 0.2 0.004 0.003 0.008 0.004 0.029 0.002 
Manganese (mg/L) 0.2 0.064 0.091 0.080 0.091 0.083 0.072 
Mercury (mg/L) 0.01 0.003 0.002 0.001 <0.001* <0.001* <0.001* 
Nickel (mg/L) 0.2 0.009 0.014 0.011 0.013 0.013 0.014 
Zinc (mg/L) 2 0.268 0.027 0.385 0.028 0.334 0.015 
a Palestinian Ministry of Agriculture standard for “low quality” treated wastewater irrigation (unpublished); '--' 








Table 2.A2 Gray water treatment unit, Deir Qaddis, Ramallah/Al-Bireh Governorate, 
Palestine 
Date Collected  29 May 2013 30 May 2013 31 May 2013 1 June 2013 2 June 2013 3 June 2013 
Time Collected  4:00pm 9:45pm 3:30pm 10:40am 2:00pm 11:00am 
Type 
 
Raw GW Treated GW Raw GW Treated GW Raw GW Treated GW 
Sample Point 
 












  Standarda 
      
Ambient T (°C) 
 
-- 36 30 -- 39 -- 
Sample T (°C) 
 
-- 28 31 31 35 30 
pH 6-9 8 7 5 7 7 7 
BOD (mg/L) 60 642 444 750 204 867 342 
COD (mg/L) 150 2253 1673 1537 403 3273 640 
TDS (mg/L) 1500 1870 1210 1380 1010 1870 1380 
TSS (mg/L) 30 726 166 382 122 808 90 
Conductivity (μS) -- 4090 3050 2540 2560 3400 2910 
SAR 5.83 9.4 4.7 6.7 4.59 8.78 5.09 
Selenium (mg/L) 0.02 ND, < 75 ppb ND, < 75 ppb ND, < 75 ppb ND, < 75 ppb ND, < 75 ppb ND, < 75 ppb 
Chloride (mg/L) 400 209.1 253.4 442.5 256.4 329 237.7 
Fluoride (mg/L) -- 36.9 0.97 20.3 1.46 47.3 1.08 
Nitrate (mg/L) 40 ND, < 50 ppb ND, < 50 ppb 0.69 0.72 ND, < 50 ppb 0.83 
Ammonia (mg/L) 15 30.9 25.8 4.9 33.6 5.1 28.7 
FC (cfu/100 mL) 1000 37200000 244444 8760000 911111 83400000 955556 
DO (mg O2/L) >1 0.56 1.36 0.45 0.98 0.73 1.22 
Aluminum (µg/L) 5 2.360 0.619 0.488 0.571 1.820 0.205 
Arsenic (µg/L) 0.1 0.002 0.002 0.002 0.002 0.002 0.002 
Boron (µg/L) 0.7 0.235 0.288 0.177 0.292 0.409 0.318 
Cadmium (µg/L) 0.1 <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* 
Chromium (µg/L) 0.1 0.008 0.005 0.005 0.004 0.006 0.003 
Cobalt (µg/L) 0.05 <0.001* <0.001* <0.001* 0.001 <0.001* <0.001* 
Copper (µg/L) 0.2 0.075 0.017 0.021 0.003 0.034 0.002 
Iron (µg/L) 5 0.657 0.980 0.689 4.240 0.610 1.450 
Lead (µg/L) 0.2 0.007 0.004 0.007 0.005 0.008 0.002 
Manganese (µg/L) 0.2 0.042 0.055 0.065 0.060 0.072 0.052 
Mercury (µg/L) 0.01 <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* 
Nickel (µg/L) 0.2 0.013 0.008 0.008 0.012 0.010 0.009 
Zinc (µg/L) 2 0.883 0.072 1.100 0.299 1.700 0.099 
a Palestinian Ministry of Agriculture standard for “low quality” treated wastewater irrigation (unpublished);  
b Collection was suspended by the homeowner sometime in the morning - may be closer to 25 hours; c Sample 







Table 2.A3 Bani Zeid wastewater treatment system, West Bani Zeid Municipality, Ramallah/Al-Bireh Governorate, Palestine 
Date Collected 
 
30 May 2013 3 June 2013 4 June 2013 5 June 2013 
 
30 May 2013 30 May 2013 
 
30 May 2013 3 June 2013 4 June 2013 5 June 2013 
Time Collected 
 




11:00am 12:30pm 4:00pm 3:00pm 
Sample Point 
 
1st influent 1st influent 1st influent 1st influent 
 
After UASB After CW 
 
Final effluent Final effluent Final effluent Final effluent 
Sample Type 
 




Grab Grab Grab Grab 
  Standarda 
            
Ambient T (°C) 
 




38 -- -- -- 
Sample T (°C) 
 




27 25 25 27 




7 7 7 7 




122 60 133 132 




337 220 337 273 




1120 1170 1230 910 




170 50 76 36 




3870 3660 3710 3600 




4.32 5.11 5 5.01 
Selenium (mg/L) 0.02 ND< 75 ppb ND< 75 ppb ND< 75 ppb 
  
ND< 75 ppb ND< 75 ppb 
 
ND< 75 ppb ND< 75 ppb ND< 75 ppb ND< 75 ppb 




274.4 278.2 331.8 368.2 




2.03 1.14 1.21 0.74 
Nitrate (mg/L) 40 ND< 50 ppb 5.74 ND< 50 ppb ND< 50 ppb 
 
ND< 50 ppb 1.44 
 
1.64 11 2.6 ND< 50 ppb 




141.1 145.2 128.8 132.9 




152222 433333 282222 300000 




2.6 0.31 0.44 0.53 
Aluminum (mg/L) 5 0.853 0.872 0.794 0.432  0.716 0.698  0.196 0.220 0.207 0.286 
Arsenic (mg/L) 0.1 0.002 0.001 0.002 0.001  0.002 0.003  0.003 0.003 0.002 0.003 
Boron (mg/L) 0.7 0.219 0.240 0.270 0.223  0.238 0.251  0.255 0.253 0.247 0.251 
Cadmium (mg/L) 0.1 <0.001* <0.001* <0.001* <0.001*  <0.001* <0.001*  <0.001* <0.001* <0.001* <0.001* 
Chromium (mg/L) 0.1 0.004 0.004 0.004 0.003  0.003 0.004  0.003 0.003 0.003 0.003 
Cobalt (mg/L) 0.05 <0.001* <0.001* <0.001* <0.001*  <0.001* 0.001  <0.001* 0.001 0.001 0.002 
Copper (mg/L) 0.2 0.019 0.038 0.028 0.017  0.039 0.011  0.006 0.010 0.007 0.038 
Iron (mg/L) 5 0.999 1.370 1.320 0.579  1.660 1.900  0.706 0.696 0.702 0.918 
Lead (mg/L) 0.2 0.009 0.004 0.005 0.006  0.004 0.005  0.002 0.003 0.003 0.005 
Manganese (mg/L) 0.2 0.076 0.064 0.085 0.092  0.095 0.112  0.100 0.093 0.092 0.095 
Mercury (mg/L) 0.01 <0.001* <0.001* <0.001* <0.001*  <0.001* <0.001*  <0.001* <0.001* <0.001* <0.001* 
Nickel (mg/L) 0.2 0.008 0.008 0.012 0.007  0.005 0.010  0.007 0.009 0.009 0.008 
Zinc (mg/L) 2 0.300 0.234 0.352 0.221  0.183 0.170  0.043 0.061 0.047 0.075 








Table 2.A4 Historical treated wastewater quality at Dissa agricultural area, adapted from 
Meftah (2004) 





COD (mg/L) 90ab 177.9 177.2 39.5 33.7 
BOD5 (mg/L) 30ab 42 29.8 4.6 15.6 
TKN (mg/L)  59.5 25.2 22.2 87.9 
NH4+ (mg/L)  51.4 21.1 18.3 87.1 
NO3- (mg/L)  16.6 7.9 2.9 37.4 







COD (mg/L) 90ab 245 122.1 58.4 47.8 
BOD5 (mg/L) 30ab 85.8 42.9 27.2 63.4 
TKN (mg/L)  52.5 15.8 13.9 88.3 
NH4+ (mg/L)  34.8 10.3 11.9 115.7 
NO3- (mg/L)  47.7 30.7 7.5 24.4 







COD (mg/L) 90ab 246.5 127.4 57.8 45.3 
BOD5 (mg/L) 30ab 77 45.2 16.5 36.5 
TKN (mg/L)  66.22 35.9 22 162.7 
NH4+ (mg/L)  57.6 26.8 19.3 72 
NO3- (mg/L)  15.4 6.1 5.3 86.7 
PO4- (mg/L)  42.3 28 10.1 36.2 




Table 2.A5 Dissa agricultural area, Gabès Governorate, Tunisia 
Date Collected  12 November 2013 13 November 2013 14 November 2013 14 November 2013 
Time Collected  4:00pm 11:20am 11:00am 10:30am 
Sample Point  Farm 1 Farm 2 Farm 3 Tank 
Sample Type  Grab Grab Grab Grab 
 Standarda     
Sample T (°C)  22 20 22 -- 
pH 6.5-8.5 7 7 7 7 






COD (mg/L) 90bc 84.5 54.9 46.5 139.4 
Conductivity (µS/cm) 7000 4520 4520 4420 4420 
Chloride (mg/L) 2000 0.02 0.07 0.04 0 
Nitrate (mg/L)  14.6 5.75 1.33 0 
Phosphate (mg/L)  8.50 8.20 10.08 10.44 
Aluminum (mg/L)  0.008 <0.001* <0.001* <0.001* 
Arsenic (mg/L) 0.1 0.007 0.006 0.006 0.005 
Boron (mg/L) 3 0.550 0.528 0.550 0.546 
Cadmium (mg/L) 0.01 0.007 <0.001* <0.001* <0.001* 
Chromium (mg/L) 0.1 <0.001* <0.001* <0.001* <0.001* 
Cobalt (mg/L) 0.1 <0.001* <0.001* <0.001* <0.001* 
Copper (mg/L) 0.5 0.013 0.003 0.012 0.008 
Iron (mg/L) 5 0.693 0.768 0.798 0.790 
Lead (mg/L) 1 <0.001* <0.001* 0.002 0.001 
Manganese (mg/L) 0.5 0.071 0.072 0.075 0.070 
Mercury (mg/L) 0.001 <0.001* <0.001* <0.001* <0.001* 
Nickel (mg/L) 0.2 0.010 0.011 0.013 0.013 
Zinc (mg/L)  5 0.024 0.233 0.070 0.094 
a Tunisian national standard for treated wastewater reuse; b 24-hour composite sample 
c Except with special authorization; * Concentration was below the detectable limit. The detectable limit for ICP-








Table 2.A6 El Hamma agricultural area, Gabès Governorate, Tunisia 
Date Collected  3 December 2013 4 December 2013 
Time Collected  12:00pm 10:00am 
Sample Point  Discharge channel Farm 1 
Sample Type  Grab Grab 
 Standarda   
Sample T (°C)  21 19 
pH 6.5-8.5 7 8 
BOD5 (mg/L) 30bc 20.0 
20.8 
 
COD (mg/L) 90bc 223.94  
Conductivity (µS/cm) 7000 5120 5140 
Chloride (mg/L) 2000 0 0 
Nitrate (mg/L)  23.5 39.0 
Phosphate (mg/L)  3.6 4.5 
Aluminum (mg/L)  0.055 0.046 
Arsenic (mg/L) 0.1 0.007 0.007 
Boron (mg/L) 3 0.440 0.428 
Cadmium (mg/L) 0.01 <0.001* <0.001* 
Chromium (mg/L) 0.1 <0.001* <0.001* 
Cobalt (mg/L) 0.1 <0.001* <0.001* 
Copper (mg/L) 0.5 0.007 0.022 
Iron (mg/L) 5 0.047 0.049 
Lead (mg/L) 1 0.001 0.001 
Manganese (mg/L) 0.5 0.047 0.049 
Mercury (mg/L) 0.001 <0.001* <0.001* 
Nickel (mg/L) 0.2 0.012 0.010 
Zinc (mg/L)  5 0.031 0.038 
a Tunisian national standard for treated wastewater reuse; b 24-hour composite sample; c Except with special 
authorization; * Concentration was below the detectable limit. The detectable limit for ICP-MS is 1 ppb (0.001 








Table 2.A7 Doha South Sewage Treatment Works, Doha, Qatar (4 July 2013)  
Sample Point 
 











Sample Type  Grab Grab Grab Grab Grab Grab Grab 
 Standarda        
Ambient T (°C)  40 40 40 40 40 40 40 
Sample T (°C)  35 34 35 33 35.5 35 35.5 
pH 6-9 7.18 (7.2c) 6.92 7.05 7.10 7.35 7.16 7.16  
(6.8 c) 
BOD5 (mg/L) 10 156c      1 c 
COD (mg/L) 150 395 c      19 c 
TDS (mg/L) 2000 1643 c       
TSS (mg/L) 50 166 c      0.3 c 
Conductivity (µS/cm)  1643 2173 2330 2375 2145 2076 2093 
Salinity (mg/L)  806 1065 1142 1164 1048 1017 1028 
Chloride (mg/L) 0.1        
Fluoride (mg/L) 15        
TKN, N 35       4.6 c 
Ammonia, NH4+ 15        
Phosphate, PO43- 30 8.5 c      1 c 
Sulphate, SO42- 400        
Sulfide, S2- 0.1        
FC (MPN/100mL) 2.2       0 c 
DO (mg/L) >2       7.1 c 
Aluminum (mg/L)  0.037 0.003 <0.001* <0.001* 0.005 <0.001* <0.001* 
Arsenic (mg/L)  0.001 0.002 0.002 0.002 0.002 0.002 0.001 
Boron (mg/L)  0.208 0.243 0.251 0.251 0.253 0.243 0.234 
Cadmium (mg/L)  <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* 
Chromium (mg/L)  0.002 <0.001* <0.001* 0.001 <0.001* <0.001* <0.001* 
Cobalt (mg/L)  <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* 
Copper (mg/L)  0.005 0.001 0.001 0.002 0.001 0.002 0.002 
Iron (mg/L)  0.330 0.313 0.331 0.335 0.284 0.269 0.259 
Lead (mg/L)  <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* 
Manganese (mg/L)  0.021 0.043 0.043 0.040 0.040 0.001 <0.001* 
Mercury (mg/L)  0.004 <0.001* <0.001* <0.001* <0.001* <0.001* <0.001* 
Nickel (mg/L)  0.004 0.003 0.003 0.003 0.003 0.003 0.003 
Zinc (mg/L)  0.006 0.010 0.009 0.007 0.011 0.012 0.008 
Oil & Grease (mg/L) 10        
Phenols (mg/L) 0.5        
TOC (mg/L) 75        
a Qatar Ministry of Environment (undated); b Post-ultrafiltration; c Average results as reported by Doha South STW; * Concentration was below the detectable limit. 







CHAPTER 3. FARMER PERCEPTIONS REGARDING IRRIGATION WITH 
TREATED WASTEWATER IN PALESTINE, TUNISIA, AND QATAR 
3.1 Abstract 
Farmer and public perception of treated wastewater reuse in agriculture is a limiting 
factor in promoting this practice. Perception goes beyond personal values and beliefs, and 
can be a result of how individuals receive information about treated wastewater reuse. 
Perception and valuation ultimately impact issues like pricing and adherence to safety 
recommendations. As part of this study, heads of households, farmers, and experts in 
wastewater and agriculture in Palestine, Tunisia, and Qatar were interviewed about their 
perception of using treated wastewater for irrigation. Participants were asked about their 
farming practices, benefits and risks of using treated wastewater, willingness to pay for 
various qualities of water, safety practices following when handling treated wastewater, 
and knowledge of local organizations. There was a general perception across the study 
locations that treated wastewater was unsafe for reuse in agriculture and that local 
monitoring and oversight was insufficient. Improving transparency of wastewater 
management and educating both farmers and the public about the true risks and benefits 
of this practice will improve the success of future reuse projects. 
 
3.2 Introduction 
No matter where one goes in the world, treated wastewater carries a “yuck” factor. 
Across cultures, people generally consider it to be dirty or unsafe, so it comes as no 
surprise that there is resistance among farmers and the public to connect this 
“unsatisfactory” source of water to the food supply through irrigation. However, the 
degree to which people are willing to accept irrigation with treated wastewater varies 







that respondents were generally accepting of using treated wastewater for fiber and 
fodder crops (86% of respondents agreed), but acceptability dropped considerably for 
irrigating orchards (53%), vegetables (48%), and crops which were processed and 
preserved (24%) (Friedler et al. 2006). This low level of approval is surprising 
considering the fact that all of these practices have been used in Israel for over 30 years. 
Two separate studies in the US Southwest found that 92% and 58% of respondents 
approved of treated wastewater reuse for irrigation of agricultural products (Bruvold 
1986; Robinson et al. 2005). Another study, in Qatar, found that only 8% of respondents 
approved of treated wastewater reuse in farming (Ahmad 1991). This lack of agreement 
and range of approval exemplifies the complexity of defining a population’s perception 
of this practice. 
In an analysis of seven surveys conducted on the acceptability of reclaimed water use in 
the United States, Bruvold (1986) concluded that two main factors determine public 
opinion of reclaimed water use: degree human of contact with the practice and a 
combination of “health effects, environmental effects, treatment cost, distribution cost, 
and conservation.” When spanning multiple cultures and geographic regions, many other 
factors influence perception of treated wastewater, including availability of water, culture, 
climate, societal valuation of water, and religious beliefs.  
Perception also depends on one’s understanding of an issue. Farmers are frequently 
misinformed or lacking in knowledge about the use of treated wastewater in agriculture, 
and as such, many misconceptions have been perpetuated about the actual risks and 
benefits associated with the practice. In order to better understand the viability of treated 
wastewater reuse in agriculture, there must be an understanding of the factors hindering 
acceptance. This study focuses on various aspects of farmer perception of treated 
wastewater reuse in unique communities in Palestine, Tunisia, and Qatar, and aims to: (1) 
understand the primary factors limiting or driving interest in treated wastewater reuse 
among agricultural producers’, (2) identify what safety measures are commonly practiced 
by farmers using treated wastewater, (3) determine farmers’ willingness to pay for treated 







local organizations play in providing oversight to treated wastewater reuse programs and 
opportunities for better extension and outreach to farmers. 
 
3.3 Methodology 
Through review of published surveys of perception related to the use of reclaimed water 
in the study areas and other locations, and in consultation with local partners, a common 
set of interview questions were developed for all three study locations. Due to the 
nuances in how water is managed, the specific technologies employed in each location, 
and the farmers’ experience with treated wastewater reuse, questions were modified in 
accordance with each population interviewed. In compliance with an IRB approved 
protocol for research with human subjects, 20 heads of household were interviewed in 
Palestine and 13 farmers were interviewed in Tunisia. The heads of households (all of 
which were actively engaged in household-level agriculture) and farmers were asked to 
voluntarily participate in a semi-structured interview with the researcher and 
representative of the local research partner. Due to the differences in the way agriculture 
is practiced in Qatar, opposed to meeting with farmers, the researcher instead met with 7 
“experts” in the fields of water, agriculture, and food security and modified the interview 
accordingly. To begin each interview, participants were asked to provide some basic 
demographic information and describe the situation of their farm. Those questions follow: 
 What is your relationship to the farm (own, rent, part-time labor)? 
 What is the area of the farm? 
 What is the area of the farm which is planted in an annually harvested crop? 
 What is the area of the farm which is irrigated? 
 What is the source of irrigation water? 
 How much irrigation water used per month/year? 
 If the farm had access to additional water, would you (or the decision maker of 
the farm) increase the amount of irrigated land? 







 Are any livestock raised on the farm (types and number)? 
 Are any livestock products produced or sold? 
 Does the farm use synthetic fertilizers?  
 Does the farm apply animal manure or animal wastewaters as fertilizer? 
To understand the primary factors limiting or driving interest in treated wastewater reuse 
among agricultural producers (Objective 1), the following questions were asked: 
 On a scale of 1 (very unfavorable) to 5 (very favorable), rate your opinion of the 
following: 
o Assuming they are safe, what is your opinion of crops irrigated with 
treated wastewater being sold in the same markets with crops grown with 
freshwater? 
o What is your opinion of the quality and quantity of water available in your 
location? 
o What is your opinion of the food security situation in your location? 
o Do you trust (have confidence in) the local authorities to be responsible 
for water and sanitation infrastructure?  
o What do you think the opinion of the general population of your location 
is regarding irrigation of agricultural products with treated wastewater? 
 Describe any conditions under which you would be amenable to irrigating 
agricultural products with treated wastewater? How much should be charged for 
treated wastewater with respect to potable water? 
 What do you believe are the benefits, if any, of using treated wastewater for 
irrigation? 
 What do you believe are the negative aspects, if any, of using treated wastewater 
for irrigation? 
To identify what safety measures are commonly practiced by farmers using treated 
wastewater (Objective 2), the following questions were asked: 







 If you use treated wastewater, what kind of irrigation method do you use with it? 
(e.g. drip irrigation, flood) 
 If you use treated wastewater, what safety measures do you follow when handling 
the water? (e.g. wear gloves, boots) 
To determine the participants’ willingness to pay for treated wastewater, compared with 
other sources of irrigation water (Objective 3), the following questions were asked: 
 If you currently use treated wastewater, how much do you pay?  
 What is the most you would pay for treated wastewater, as compared to 
freshwater? 
To identify the roles local organizations play in providing oversight to treated wastewater 
reuse programs and opportunities for better extension and outreach to farmers (Objective 
4), the following questions were asked: 
 What organizations do you believe are responsible for the policies and oversight 
of treated wastewater reuse? 
 What organizations do you believe should be responsible for the policies and 
oversight of treated wastewater reuse?  
 What organizations working in the water, agriculture, and sanitation sectors do 
you know about? 
 Are you interested in learning more about treated wastewater reuse? 
 Through what kind of media would you be most likely to participate in learning 
more about treated wastewater reuse? 
 
3.3.1 Research setting 
The economic, social-cultural, and food and water security situations of each country 







In the following, the most formative characteristics of each study location are described, 
with a summary provided in Table 3.1. 
 
Table 3.1 Water and agriculture figures for each study location 
    
West Bank,  
Palestine 
Tunisia Qatar 
Population  2013 2,719,112a 10,937,521b 2,042,000b 
GDP  
billion US dollars 6.6c 45.7d 173d 
(Reporting year) (2008) (2012) (2012) 
GDP from agriculture 
% 5a 9d 0d 
(Reporting year) (2008) (2012) (2012) 
Arable land 
km2 1078c 29,941c 139c 
% of total land area 18.4c 18.3d 1.2d 
(Reporting year) (2011) (2011) (2011) 
Water stress indexg 
m3/capita/year 196ef 429.2e 29.91e 
(Reporting year) (2012) (2012) (2012) 
Classification 
< 500 m3  
Absolute water 
scarcity 
< 500 m3 
Absolute water 
scarcity 
< 500 m3 
Absolute water 
scarcity 
a Palestinian Statistics Bureau (2013); b The World Bank (2011); c CIA (2014); d The World Bank Data (2014) ; 
e FAO AQUASTAT (2014)l f includes the West Bank and Gaza; g also known as the Falkenmark indicator, or 
available renewable water resources per capita per year (Falkenmark 1989; White 2012) 
 
3.3.1.1 West Bank, Palestine 
Over the last 40 years, ways of life and agrarian practices have undergone major changes 
as Palestinians have acclimatized to the political constraints placed on land, water, 
technology, and other resources (Temper 2009).  In that time, a notable shift has taken 
place in the West Bank from an agrarian economy to a service-based economy (Farsakh 
2004). Despite this shift, 6.2% of the West Bank’s gross domestic product was accounted 
for by agricultural activities and in 2011, and 11.9% of the population was employed in 
the agricultural sector (CIA World Factbook 2013; Palestinian Central Bureau of 
Statistics 2013). Food insecurity is a concern in the West Bank with 41% of the 
population of the West Bank classified as food insecure or vulnerable to food insecurity 
(World Food Programme 2012). That figure is expected to rise as food prices continue an 
upward trend, wages fail to increase at a similar rate, and population continues to increase. 







an allotment of water from the Israeli Water Company, Mekorot, to meet the domestic, 
agricultural, and industrial demands. 
The communities targeted by this study were Bil’in, Kharbatha al-Misbah, Deir Qaddis, 
and Bani Zeid in the Ramallah/Al-Bireh Governorate. These communities were selected 
because of their proximity to the main office of the local partner in this study, the 
Palestinian Hydrology Group (PHG), and because residents in these communities had 
been beneficiaries of projects supported by PHG. Of the 20 households participating in 
interviews, 8 had household gray water treatment units and were actively irrigating their 
home gardens with treated gray water, 6 were located in communities where gray water 
treatment units had been installed, but the households did not have their own units, and 6 
were located in a community (Bani Zeid) with a municipal wastewater treatment system 
that was being considered for reuse applications. Many participants had personal 
experience with treated and untreated gray water reuse, but as there are few cases of 
treated wastewater reuse in the West Bank, none had personal experience with that 
practice. Participants were selected such that they would have informed opinions about 
the interview questions, so we consider this a purposive sample of the population. 
 
3.3.1.2 Gabès Governorate, Tunisia 
The World Food Programme (2011) estimates that around 7% of Tunisia’s population 
was food insecure as of April 2011; however, regional civil unrest continues following 
the 2010-2011 political revolutions in Tunisia and Libya, where a depressed economy, 
largely dependent on tourism, continues to influence the cost of living. As of 2012, 8.9% 
of Tunisia’s gross domestic product was accounted for by agricultural activities and 18.3% 
of the population was employed in the agricultural sector (CIA 2013). Access to 
improved drinking water sources and sanitation services are nearly universal in Tunisia. 
Participants in this study were farmers at Dissa and El Hamma agricultural areas in Gabès 
Governorate. These communities were selected because of their proximity to the Institute 
of Arid Lands’ (the local partner in this study) Gabès office, and the fact that these 







City and El Hamma wastewater treatment plants. Again, this was a purposive sample as 
only farmers actively engaged in irrigation with treated wastewater were interviewed. 
 
3.3.1.3 Qatar 
Qatar’s energy-based economy is largely dependent upon the 90% of their population 
who are expatiates: guest workers, or foreign nationals working for organizations in 
Qatar. Qatar is obliged to support the lifestyle expectations of the expatriate population. 
Qatar is an arid country, receiving only 74 mm of rainfall per year. Access to improved 
water and sanitation services are universal in Qatar. 99% of the nation’s potable water 
comes from desalinated water of which there is only a 48 hour reserve; though, plans are 
underway to increase the reserve to 7 to 14 days (Darwish and Mohtar 2013). 95% of the 
food in Qatar is imported, and the modest agricultural sector makes a negligible 
contribution to the nation’s gross domestic product. The Qatar National Food Security 
Programme’s (QNFSP) master plan calls for increasing domestic food production to 40% 
by 2024 (Law 2014). 
In lieu of farmers, 7 “experts” in the fields of water, agriculture, and food security were 
contacted for meetings to discuss the practice and perception of treated wastewater reuse 
in Qatar. These experts were both Qatari and expatriates, and included government 
employees, university faculty, and a representative of a local non-governmental 













A break-down of the demographics of the interview participants is provided in Table 3.2. 
 
Table 3.2 Participant demographics 
 Palestine Tunisia Qatar 
Number of participants 20 13 7 
Gender Male (13), Female (7) Male (13), Female (0) Male (6), Female (1) 
Age Range: 25 to 85 
Avg.: 42.5 
Range: 25 to 64 
Avg.: 44 
na 
Level of education  Primary, reads (4) 
Secondary (9) 
Post-secondary (7) 
















Number of members in 
household 
Range: 1 to 17 
Avg.: 7 




In Palestine and Tunisia, all participants were asked the same set of four questions. 
Participants were asked to rate their opinion of each question on a scale of 1 (very 
unfavorable) to 5 (very favorable). Treated wastewater was defined for the participants as 
municipal wastewater (including that from homes, businesses, and industry) treated by 
mechanical and/or chemical processes. Those results are provided in Table 3.3. 
Additional results from the entirety of the interview questions, including from Qatar, are 

















Assuming they are safe, what is your opinion of crops irrigated with 
treated wastewater being sold in the same market as crops grown with 
freshwater? 
1.9 3.5a 
What is your opinion of the water sector (quality and quantity available) 
in Palestine/Gabès Governorate/Indiana? 
1.1 2.3 
Do you trust (have confidence in) the local authorities to be responsible 
for water and sanitation infrastructure? 
3.3 1.9 
What do you think the opinion of the general population of 
Palestine/Tunisia/Indiana is regarding irrigation of agricultural products 
with treated wastewater? 
1.8 1.8 
a For this location, this question was asked in such a way that it only included crops that are currently approved 
for irrigation with treated wastewater according to Tunisian national law (NT 106.02) – fodder, industrial, and 
tree crops. 
 
3.4.1 Limiting and driving factors 
Participants were asked to list reasons they might be motivated to use treated wastewater 
for irrigation on their home gardens or farms, and their primary concerns about using 








Figure 3.1 Factors motivating irrigation with treated wastewater from interviews with 
households/farmers in Palestine (n=20) and Tunisia (n=13) 
 
 
Figure 3.2 Concerns about irrigation with treated wastewater from interviews with 
households/farmers in Palestine (n=20) and Tunisia (n=13) 
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In Qatar, treated wastewater is used to irrigate fodder crops at two industrial farms, and 
landscapes at Qatar University, along highways, and in green spaces in Doha. From 
interviews with experts in Qatar, two main themes emerged with regard to whether or not 
treated wastewater should be considered for the country. The first theme was that treated 
wastewater reuse could potentially result in negative health impacts, so this water should 
be used to fulfill the water demands of other industries (e.g. cement, industrial cooling, 
and landscape irrigation), before resorting to using this water in agriculture. The second 
theme was that transparency with regard to how water and agriculture decisions are made 
in Qatar needs to improve. With increased transparency, treated wastewater can be made 
available to farmers through a carefully monitored program to prove its potential and 
acceptability. 
 
3.4.2 Adoption of safe handling practices 
Participants currently using treated gray water or wastewater (those from Palestine and 
Tunisia) were asked to describe the kinds of safety measures they use when handling 
these waters (Figure 3.3). Of the 10 participants in Palestine currently using raw or 
treated gray water on their home gardens, 2 individuals did not handle the water any 
differently than they would handle freshwater, while the remaining participants used drip 
irrigation (4), and/or avoided contact with skin by using gloves (5). In Tunisia, 6 of the 
13 respondents had participated in a training session on safe handling of treated 
wastewater. All 6 of those participants employed some kind of safe handling practice. 
Among all the respondents from Tunisia, 3 farmers did not use any kind of safe handling 
practices, while the others wore boots (9), used localized irrigation (1), and washed with 









Figure 3.3 Use of safety measures when handling treated wastewater (n=23) 
 
3.4.3 Cost and willingness to pay 
Participants in each study location were asked whether there were any conditions under 
which they would consider using treated wastewater in their home gardens or farms. If 
they answered in the affirmative, they were asked how much they would be willing to 
pay for treated wastewater with respect to freshwater. In Palestine, 11 of the 20 
participants indicated there was no condition under which they would accept the use of 
treated wastewater. Of the remaining 9 participants, only 3 provided a direct answer and 
indicated that they would be willing to pay approximately the same amount that they pay 
for fresh water (around 2 NIS per cubic meter, or 0.58 USD).  
In Tunisia, national law dictates a set price for treated wastewater of 0.020 Tunisian dinar 
(DT) per cubic meter (0.01 USD), so farmers were asked about their satisfaction with that 
price. Of the 13 farmers interviewed in Tunisia, 11 were not satisfied with the current rate 
and cited poor quality and management of water as reasons why the rate should be 
reduced. Four interviewees believe they should receive the water for free, and 3 
advocated a specific rate of 0.500 Tunisian dinar (DT) (0.30 USD) per hour of irrigation.  
In Qatar, the two industrial farms using treated wastewater currently receive this water 
for free. Since all the utilities in Qatar (e.g. water and electricity) are subsidized and 
treated wastewater is not a valuable commodity, the experts interviewed indicated that it 
was quite unlikely that anything could be charged for this water. 
 











3.4.4 Role of local organizations 
Participants in Palestine and Tunisia were asked to list the organization(s) responsible for 
treated wastewater reuse policies and oversight, and those who should be responsible for 
policies and oversight. Table 3.4 includes the actual organizations involved, and the 
frequency of response. 




Who is responsible for treated 
wastewater reuse policy and 
oversight? 
Who should be responsible for 
treated wastewater reuse policy and 
oversight?  
Palestine Ministry of Agriculture 
Palestinian Water Authority  
Palestinian Standards Institute 
Don’t know (5) 
Palestinian Water Authority (5), 
Municipalities/Local government (4) 
Ministry of Environment (3) 
Ministry of Agriculture (3) 
Ministry of Health (3) 
Palestinian Authority (1) 
Palestinian Hydrology Group (1) 
Don’t know (5) 
Ministry of Environment (5) 
Ministry of Agriculture (5) 
Ministry of Health (4) 
Palestinian Water Authority (3) 
Municipalities/Local government (2) 
Palestinian Authority (1) 
Other (2) 
Tunisia Ministry of Agriculture through 
the Regional Department for 
Agricultural Development 
(CRDA) 
Ministry of Environment and 
Land Use Planning through the 
National Office of Sanitation 
(ONAS) 
National Agency for the 




No one (1) 
CRDA (9) 
ONAS (5) 
New organization linking CRDA and 
ONAS (3) 
Local government (1) 
Farmers’ union (1) 
Qatar Ministry of the Environment 
Public Works Authority 
(Ashghal) 




3.5.1 Limiting and driving factors 
In Palestine, the most commonly cited concerns (by about half of the population 
interviewed) with using treated wastewater are that it is perceived as being generally 
“unsafe” and that it violates personal or religious beliefs about appropriate sources of 
water for irrigation. It should be noted, though, that some of these interviewees had 
experience with using treated gray water, but none of the interviewees had experience 
with using treated wastewater. On the other hand, these issues were not raised by the 







Instead, farmers referenced things they had actually experienced like degradation of soil 
quality (specifically mentioning issues with soil salinization), issues with management, 
and challenges with particular kinds of crops. Farmers in Tunisia who had actual 
experience with using treated wastewater on their farms were generally positive about the 
opportunities that treated wastewater presented, including increased agricultural 
productivity and decreased need for fertilizer inputs. In contrast, some of the more 
commonly cited motivations for using treated wastewater in Palestine stemmed from 
necessity as opposed to opportunity: drought, cost, and availability.  
In the Arab world, religion is a commonly cited reason for opposing the use of treated 
wastewater, despite the fact that it has been demonstrated to adhere to religious policy. 
Scholars of Islam have debated the use of treated wastewater and concluded that it is 
suitable for use in irrigation; fatwas have also been issued to this extent (Farooq and 
Ansari 1983). The Quran makes reference to water quality on multiple occasions and that 
impurities in water can be diluted to be made more pure (Wilson and Pfaff 2008). 
Furthermore, Islam acknowledges that things (e.g., water) can also change form from 
unpure to pure through metamorphosis.  
Another notable difference between the responses of Palestinian and Tunisian farmers is 
their openness to crops grown with treated wastewater being sold in the same markets as 
those grown with freshwater. In Palestine, this question received an average response of 
1.9 out of 5, while in Tunisia the average response was 3.7 out of 5 (from Table 2). Again, 
we are considering a different population in Tunisia: one with experience growing and 
selling crops irrigated with treated wastewater; however, Palestinian markets are full of 
vegetables grown in Israel with treated wastewater. When asked further about this 
question, Palestinian interviewees acknowledged that they were already buying and 









3.5.2 Adoption of safe handling practices 
Encouraging users of treated wastewater and gray water to embrace safe handling 
practices is a challenge for the organizations providing oversight to treated wastewater 
reuse programs. From the results, respondents in both Palestine and Tunisia admitted not 
using any kind of protective barrier between their skin and the irrigation water. The 
irrigation waters in these locations do not undergo a disinfection process, so this careless 
attitude represents a public health risk to farmers. In order to ensure farmworker safety, 
extension to farmers and monitoring programs must match pace with organizations’ 
efforts to implement more water reuse projects. 
 
3.5.3 Cost and willingness to pay 
The power of choice can play a major role in the adoption of treated wastewater as a 
resource for irrigation. Despite the environmental and economic benefits of treated 
wastewater reuse, farmers are generally unwilling to pay, or are not required to pay, for 
treated wastewater in the MENA. Public perception can impact the economics of a 
product: when not considered desirable, the value of the product to the consumer is low. 
Studies of farmers across the West Bank, Palestine have indicated that they would be 
willing to pay nothing, or perhaps a small fee, for treated wastewater (Abu-Madi 2009; 
Al-Sa'ed and Mubarak 2006; Shaheen 2003; Abdo 2001). However, farmers have been 
willing to make the switch to wastewater whenever pressure on conventional water 
sources became greater, rendering those sources inaccessible or more costly (Jiménez and 
Asano 2008). In the two successful cases of treated wastewater reuse in the MENA, Israel 
and Jordan, the power of choice was removed and treated wastewater was integrated into 
the national water strategy. Jordan went so far as to enact legislation requiring the reuse 








3.5.4 Role of local organizations 
Across all the study locations there is a concern that treated wastewater is unsafe and/or 
the authorities in charge of water and sanitation services cannot be trusted to deliver 
treated wastewater that is safe for use in agriculture. This issue of trust seems to be most 
prevalent in locations where there is a greater level of uncertainty about the future of the 
government, such as in Palestine, where the government lacks complete authority, and in 
Tunisia, which at the time of this study, was led by a transitional government. 
The public’s trust in local authorities (ministries, agencies, various levels of government, 
the private sector, etc.) to adequately monitor and maintain wastewater treatment 
facilities is a major hurdle in gaining acceptance for treated wastewater reuse projects. In 
societies with new or transitional governments, or under political occupation, there is 
uncertainty about the future and significant disruption from the norm, so it is difficult for 
citizens to be optimistic about delivery of services, or the commitment of the government 
to act in favor of the people (Bahry and Wilson 2004). Uslaner (2002) describes a close 
connection between optimism in public projects and trust in governments.  
In more established governments, trust also remains an issue. In this case, involving 
additional stakeholder groups, like non-governmental organizations and conservation 
groups can be an effective approach to building trust and credibility around treated 
wastewater reuse projects (Bixio et al. 2006). Oftentimes the only message people hear 
about water reuse projects are examples of failure (Jeffrey and Temple 1999; Wegner-
Gwidt 1991). In order to change the mood around treated wastewater reuse, efforts can 
also be made to provide potential users with clear and easy to understand information 




Water scientists and engineers have done a good job of developing technologies to treat 







work to do in lessening the “yuck” factor and convincing farmers and the public of the 
merits of treated wastewater irrigation. As environmental and social pressures 
increasingly stress conventional sources of irrigation water, the need to use lesser quality 
waters for irrigation will grow. Furthermore, stricter policies for the discharge of treated 
effluent are forcing communities to either invest in advanced technologies or consider 
land application of this water. Adoption of this practice has and will continue to be slow, 
but it is prudent to begin providing farmers with the resources and knowledge to safely 
incorporate treated wastewater into their irrigation scheme. Extension initiatives, 
workshops, and educational campaigns could improve farmworker safety and increase 
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CHAPTER 4. QUANTIFYING TREATED WASTEWATER’S POTENTIAL FOR 
IMPROVING WATER AND FOOD SECURITY IN THE MENA 
4.1 Abstract 
The Middle East and North Africa (MENA) contains just 1% of the world’s freshwater; 
however, even in the very arid countries of the Gulf region, high quality treated 
wastewater rarely sees a productive use. As countries deal with growing populations and 
strive for increased food security, freshwater alone cannot be relied upon to meet these 
demands. This research identifies the future water supply-demand gap projected for 
MENA countries and provides an approach for quantifying the potential of treated 
wastewater to fill that gap through reduction of agricultural water withdrawals. Drawing 
upon both published and original treated wastewater quality data, the annual volume of 
treated wastewater produced, and crop water demands, estimates for potential crop 
production from treated wastewater are calculated. Irrigation by treated wastewater has 
significant potential to impact water and food security by reducing agricultural water 
withdrawals and increasing domestic agricultural production. Such initiatives require 
application of best management practices, such as transparent monitoring and evaluation 
of reuse projects for public and environmental health risks, and support from both 
farmers and policy makers. 
 
4.2 Introduction 
Freshwater is in short supply in the arid countries of the Middle East and North Africa 
(MENA) and is frequently wasted on activities for which marginal quality waters could 
suffice. Especially in the “rich countries” of the Persian Gulf, high quality treated 
wastewater rarely sees a productive use. Looking to 2050, the projected shortage of water 







projections of regional impact of climate change, while the other 80% is a result of 
increasing standards of living, population growth, and development (Immerzeel et al. 
2011; 2030 Water Resources Group 2009). As countries deal with growing populations 
and strive for increased food security, freshwater alone cannot be relied upon to meet 
these demands. Alternative sources of irrigation water, specifically treated wastewater, 
must be considered as a means to bridge this water gap.  
Wastewater treatment technologies ranging from simple household-level filtration 
systems to advanced reverse osmosis treatment plants are employed in agricultural reuse 
schemes in the MENA. Chapter 2 concluded that facility maintenance, effluent 
monitoring, proximity to agricultural areas, and the facility cost versus the demand for 
treated wastewater were all limiting factors in developing agricultural reuse schemes for 
treated wastewater in these countries. For MENA countries that have accepted irrigation 
with treated wastewater, they have done so out of necessity. In Jordan, treated wastewater 
is combined with water from the Zarqa River in order to supply the Jordan River Valley’s 
agricultural demand (Ammary 2007). In Tunisia, wastewater reuse is part of the nation’s 
pollution control and water management strategy and to encourage its use, a national 
tariff for reclaimed water was set below that of the tariff for surface waters (Jimenez and 
Asano 2008; Bahri 2002). Other countries in the Persian Gulf are reluctant to adopt 
treated wastewater irrigation despite the high quality of treated effluent produced by their 
state-of-the-art treatment facilities. 
In addition to the technology and logistics of treating and conveying wastewater to 
agricultural areas, there are a number of other factors hindering the adoption of irrigation 
with treated wastewater. As mentioned in Chapter 3, policy, public health, environmental 
and soil quality concerns, and perception of farmers and consumers are all major factors 
in determining the viability of a treatment wastewater reuse scheme. Before countries 
make a decision whether or not to invest in this practice based on psychological reasons 
or even calculated risk, an effort needs to be made to understand the potential of treated 








The overall aim of this work is to develop a framework for quantifying the potential of 
treated wastewater to fill the water supply-demand gap for a given location. Specifically, 
this work aims to:  
(1) Present the current and projected water gap for select MENA countries,  
(2) Describe an approach for calculating the amount of the current and future water 
gap that can be filled by treated wastewater by considering relevant constraints to 
reuse, and  
(3) Demonstrate this approach in a case study from Tunisia. 
 
4.3 Approach 
The overall approach of this work is to develop a framework to quantify treated 
wastewater’s potential to bridge the water supply-demand gap, primarily by reducing 
agricultural water withdrawals. In order to determine this potential, the gap must first be 
quantified for a specific region or community. Opposed to original calculations, this work 
relies upon published dataset of projected future water gap from a report commissioned 
by The World Bank (2011); however, a number of methodologies for calculating future 
water demand have been proposed (e.g., Shiklomanov and Rodda 2003; Shen et al. 2008). 
After determining the water supply-demand gap, this work considers the unique activities 
within a community which may accept treated wastewater, and the sensitivities associated 
with those activities. Looking specifically at agricultural water demand, this work defines 
a methodology for calculating the “radius of influence” of treated wastewater around a 
wastewater treatment plant – or the distance away from the plant at which all the treated 
effluent could be consumed by irrigation water demand. While many of the 
considerations mentioned in this approach are specific to the MENA, this framework may 
be applicable on a broader geographic scale. 
There are a number of outlets for treated wastewater, and a variety of factors influencing 
where treated wastewater is ultimately allocated (Figure 4.1). The quality of treated 
wastewater produced must also be considered as a constraint to how and if treated 







The total water gap for a location is defined as the difference between the total water 
demand and total renewable water supply. Is it assumed that the water gap is distributed 
into the demanding sectors (agriculture, domestic, and industrial) by the percent demand; 
however, it is likely that countries will choose to meet domestic and industrial demands 
first (through allocation, or investment in public works), so the majority of a water 
shortage may be realized in the agricultural sector. The amount of the total water gap (or 
reduction in freshwater withdrawals) that may be reduced by treated wastewater is a 
summation of quantity of treated wastewater allocated to reuse activities (including 
treated wastewater used to irrigate crops or landscapes traditionally irrigated by 
freshwater, and treated wastewater reused in industry), less the currently reused quantity 
of treated wastewater, and treated wastewater tied up in environmental services, and/or 
lost from the system. 
 
 
Figure 4.1 Typical outlets for treated wastew\ater reuse 
 
In order to determine treated wastewater’s potential for filling the water supply-demand 
gap, the many factors associated with treated wastewater reuse projects must be 







however, is not always straightforward. Physical factors are generally easier to assign a 
figure. Costs of materials to construct and maintain infrastructure, energy costs, and labor 
costs are easily obtained. Different wastewater treatment technologies all come with 
different costs to build and maintain. Climate may dictate the efficacy or viability of 
certain treatment technologies and prevent certain wastewater reuse activities. Water 
quality is more difficult to quantify, however. The costs associated with treating 
wastewater to a certain quality given a particular technology can be quantified, but the 
value of high quality treated wastewater (e.g., treated by membrane filtration and 
disinfection) versus lesser quality treated wastewater (e.g., receiving only primary 
treatment) is difficult to define. In resource and water scarce regions, lesser quality 
treated wastewater may be just as valuable (if not more so for its nutrient content) as 
higher quality treated wastewater. Conversely, in locations where public perception of 
treated wastewater is poor, the value of the water may be low regardless of the quality. 
Social factors are innately difficult to define. Economists may be able to determine the 
market demand for treated wastewater and a population’s willingness to pay, but the 
characteristics that determine a population’s willingness to pay (or even use) are complex.  
Policy is a rather straight-forward factor to consider. Countries may have a national rate 
for treated wastewater, the cost of treated wastewater may be fixed to the cost of water, or 
consumers may only pay for pumping costs. Water quality standards dictated by local 
policy are inherently quantifiable. Allowable uses may be easily defined, but the 
opportunity cost of using treated wastewater in one application over another may be more 
complicated to determine.  
Environmental health and public health factors are arguably the most difficult to measure. 
Putting a value on environmental services, like clean water, productive soil, and the 
health of individuals has been the topic of debate for some time (Ehrlich et al. 1997; 








Figure 4.2 Factors associated with treated wastewater reuse projects 
 
4.3.1 Calculating current and projected water gap 
To determine the current and projected water gap for select MENA countries (Objective 
1), published datasets and projections were referenced. Additionally, the quantity of 
wastewater generated, wastewater treated, treated wastewater used for irrigation, and 
annual agricultural withdrawals were assembled (Table 4.3). 
 
4.3.2 Determining the potential of treated wastewater 
To determine the potential of treated wastewater to be used (Objective 2), multiple 
considerations and exercises must be undertaken, include the following and are outlined 







(1) Consider current treated wastewater production and calculate future treated 
wastewater production. 
(2) Consider the potential outlets for treated wastewater in study location, taking into 
account the quality of the treated wastewater and any local policies dictating how 
treated wastewater can be used.  
(3) Establish the local demands (e.g. agriculture, industry) on treated wastewater, 
then determine the “radius of influence,” or area around the wastewater treatment 
plant, as a function of treated wastewater produced, and demand of various outlets.  
(4) Consider the costs and benefits of the allocations. 
(5) Compare the amount of treated wastewater to be reused with the future water gap. 
 
 
Figure 4.3 Process diagram for determining treated wastewater reuse potential 
 
4.3.2.1 Calculating future treated wastewater production 
It is difficult to predict whether countries will keep up with increasing wastewater flows, 
so in an effort to calculate future treated wastewater production, the more reliable 
estimate is to calculate future wastewater collection based on current collection rates. 
Wastewater generation and collection is function of industrial and domestic water 
withdrawals, and the sewage connection rate. A projection for future wastewater 








Qcww,f  = [WRFi × IWWp × (GDPf / GDPp) × (GDPPp / GDPPf)] + [WRFd × Pf × Cp] 
(Equation 4.1) 
 
Where Qcww,f is the future total annual domestic and industrial wastewater collected 
(m3/year); WRFi is the industrial water return fraction (unitless; generally assumed to be 
20%); IWWp is the present industrial water withdrawal (m
3/year); GDPf and GDPp are 
future and present gross domestic products; GDPPf and GDPPp are future and present 
gross domestic products per capita; WRFd is the composite domestic water return fraction, 
or percent of consumed freshwater that is returned via a sewage collection system 
(unitless); Pf is the projected future population (capita); and Cp is the present annual 
withdrawal of freshwater for domestic purposes per capita (m3/capita/year). It was 
assumed that efforts in water conservation would counteract any trends in increasing per 
capita freshwater consumption, so Cp may be representative of future annual per capita 
domestic consumption of freshwater. WRFd is based on the percentage of sewage system 
connections, the nature of wastewater collection, and/or culture-specific household 
practices that result in wastewater (not) returning to the sewage system (Table 4.2).  
 
Table 4.1 Household categories and parameters for Equation 1 
 % Population WRFd WRFcd Cp
d 
    m3/cap/yr 
Egyptg     
(1) Households connected to a sewage system 
(2) Households with a cesspit evacuated regularly 
(3) Households with a cesspit not evacuated 












Jordan     
(1) Households connected to a sewage system 






West Bank, Palestine     
(1) Households connected to a sewage system 
(2) Households with a cesspit evacuated regularly 
(3) Households with a cesspit not evacuated 












Qatar     
(1) Households connected to a sewage system 












Tunisia     
(1) Households connected to a sewage system 






United Arab Emiratesh     
(1) Households connected to a sewage system 
(2) Households with a septic tank evacuated 
regularly 
(3) Households with a septic tank not evacuated 
















a Palestinian Central Bureau of Statistics (2011); b National Institute of Statistics – Tunisia (2010); c Public 
Works Authority (2005); d Unless otherwise noted, FAO-AQUASTAT (2014); e CIA World Fact Book (2014); f 
Palestinian Water Authority (2010); g Estimated from description of sanitation coverage provided in WHO 
(2005); h Estimated from description of sanitation coverage provided in ACWUA (2010) 
 
4.3.2.2 Outlets for treated wastewater reuse 
The relative development of policy for wastewater reuse for a country is generally driven 
by need. Countries and states with well-developed policies have typically done so 
because of a scarcity of freshwater resources. The development of criteria for treated 
wastewater reuse are generally based on two factors: (1) the occurrence of potentially 
toxic substances, and (2) the occurrence of pathogens. From these two criteria, other 
factors are commonly found in in reuse policies, include: types of crops to be irrigated, 
type of irrigation scheme to be used, degree of contact with farmworkers and potential 
contact with the public, days between last irrigation and harvest, and required frequency 
of water quality monitoring. 
It is important to keep in mind that different modes of treated wastewater reuse (Figure 
4.1), or irrigation of different types of crops, may have different standards for water 
quality, and certain kinds of reuse may not even be permitted under national law. Using 
agricultural reuse as an example, Figure 4.4 illustrates how low quality treated 
wastewater (Frame A), perhaps receiving only primary treatment, may only be used to 
irrigate a particular type of crop. Whereas treated wastewater of increasingly higher 
quality (Frames B and C), perhaps receiving secondary or tertiary treatment, may be used 
on a wider variety of crops. The quality of treated wastewater may also decrease the 
“radius of influence”: allowing more of the treated wastewater to be used closer to the 








Figure 4.4 Impact of treated wastewater quality on the ability to irrigate various crop 
types. (A) Low quality treated wastewater; (B) Medium quality treated wastewater; (C) 
High quality treated wastewater. 
 
4.3.2.3 Determining the radius of influence 
While investments may be made to pump treated wastewater to a remote location for a 







factor in treated wastewater reuse for agriculture. Proximity impacts conveyance costs 
and will also impact the potential for reuse in industry and other outlets. The closer to the 
source that treated wastewater can be reused, the less infrastructure is needed and the less 
energy is required to convey the water (by pumping or tanker truck). Less infrastructure 
results in fewer operation and maintenance issues, and makes the system easier to 
manage. For the purpose of this work, the term “radius of influence” refers to radius 
around the wastewater treatment plant at which all of the available treated wastewater is 
consumed by various activities (Figure 4.4). Ultimately, however, the radius will be 
dependent upon local energy costs, priorities and preferences of local decision makers, 
and demand within the area surrounding the wastewater treatment plant. Also, given the 
layout of infrastructure (conduit and roads) and topography surrounding the wastewater 
treatment plant, the area within the “radius of influence” may be an irregular-shaped area.  
The radius of influence (ROI) is set where the following equation is balanced: 
Qtww + Ʃ AaDa + Ʃ Di = 0                                 (Equation 4.2) 
Where Qtww is annual flow of treated wastewater from the wastewater treatment plant 
(m3/day); Da is the demand for treated wastewater for different agriculture sub-types, per 
unit area, within the ROI (m3/ha/day); and Aa is the total area of different agriculture sub-
types within the ROI (ha); and Di is the area independent (point) demand for treated 
wastewater from other sources (such as industry or groundwater recharge) within the ROI 
(m3/day). To clarify, for agricultural applications D is a function of the irrigation demand 
and area; however, for other applications, as in industrial applications, D may be a fixed 
amount.   
 
4.3.2.4 Considering the costs and benefits of the allocations 
Seguí et al. (2009) and Hernández et al. (2006) categorize costs for water reuse projects 
into internal benefits, external benefits, and opportunity costs. Internal benefits are 
defined as the difference between internal revenue and internal expenses. Returns from a 







to consumers, and the value of reduced fertilizer inputs as a result of the nutrients in the 
water. Expenses include the cost of construction, operation, and maintenance of the 
treatment facility, sewerage infrastructure, and distribution network for treated 
wastewater which are all functions of energy, materials, and labor. Treatment plant type 
and location of the treatment plant are important factors to consider with respect to 
energy. The input of spatial data (distance and elevation change between the source of 
raw wastewater, wastewater treatment plant, and agricultural areas) is necessary to 
calculate infrastructure and conveyance costs.  
External benefits are calculated as the difference between positive and negative 
externalities (Hlavinek et al. 2011). For treated wastewater reuse projects, these 
externalities include environmental and public health risks and benefits. These factors are 
difficult to associate with a monetary value. Opportunity cost is defined as the cost of not 
receiving the benefit of the next best alternative. When considering treated wastewater 
reuse, opportunity cost may refer to the location of the wastewater treatment plant, or the 
decision to allocate treated wastewater to one use over another, or to choose to use treated 
wastewater over freshwater.  
Internal benefits are the most straight-forward and commonly considered costs and 
revenue, they are expressed as follows (adapted from Seguí et al. (2009) and Hernández 
et al. (2006)): 
TC = Ʃ[(Qtww × Ttww) + (Vn + SPn) – (CC + PC + OM + T)]        (Equation 4.3) 
Where TC is the annual total cost ($) of the treated wastewater reuse scheme; Ttww is the 
tariff imposed per unit volume of treated wastewater ($/m3); Vn is the volume of 
recovered nutrients (kg); SPn is the selling price per unit volume of recovered nutrients 
($/kg); CC are construction costs ($); PC are pumping costs to convey treated wastewater 
to demanding sectors (including energy and operation costs for the pumping equipment) 
($); OM are operation and maintenance costs (including labor and energy to operate the 







Sectors receiving treated wastewater are typically charged for the water in one of two 
ways: (1) a standard national tariff per unit volume, or (2) consumers pay the pumping 
costs. Looking specifically at pumping costs, the expense to use treated wastewater is a 
function of the distance from the wastewater treatment plant. To make this easier to 
conceptualize, a stepwise function was developed: 
PCt = PC1×(Aa1Da1 + Ab1Db1 + Ac1Dc1) + PC2×(Aa2Da2 + Ab2Db2 + Ac2Dc2) + …  
… + PC1×(Dx1 + Dy1 + Dz1) + PC2×(Dx2 + Dy2 + Dz2) + …       (Equation 4.4) 
Where PCt is the total pumping cost ($/day); PC1,2,… is the pumping cost for each zone (1, 
2, …) ($); Aa,b,… 1,2… is the area of each crop type (a, b, c, …) within each zone (ha); 
Da,b,… 1,2…  is the irrigation water demand of each crop type within each zone (m
3/ha/day); 
and Dx,y… 1,2… is the area independent (point) demand from other activities within the 
radius of influence (m3/day). Zones may be defined with set radii around the wastewater 
treatment plant and an average cost of pumping the range of distances within the zone 
may be used for PC1,2… (Figure 4.5).  
Additional costs associated with treated wastewater reuse include treatment (the cost of 
operation of the wastewater treatment plant), infrastructure, and maintenance. 
 








4.3.2.5 Calculating the potential for filling the water gap 
The amount of the gap that can be filled is equal to the quantity of irrigation by 
freshwater that can be replaced by treated wastewater, and the quantity of treated 
wastewater on new agricultural land that is brought into production as a result of the 
availability of an irrigation source. 
Additional tactics for lessening the water supply-demand gap can be considered on both 
the demand and the supply side of the issue. On the demand side, efforts to promote 
water conservation by upgrading infrastructure, installing water saving devices, and 
encouraging a change in water use habits of consumers can bring down the overall 
demand. Supply may also be increased through water reuse, desalination, and exploiting 
new sources of water; however, some of these efforts come with both financial and 
environmental costs. 
 
4.3.2.6 Applying the framework 
In order to demonstrate the approach of calculating the potential of treated wastewater 
(Objective 3), the approach is applied to a case study from Tunisia. This study draws 
upon published datasets and original data obtained from a field study at an activated 
sludge treatment plants and associated agricultural areas in Gabès City, Tunisia. Treated 
wastewater effluent quality was analyzed, and local agricultural producers and local 
experts in water and wastewater were interviewed to gain a better understanding of the 
perception and practice of irrigation with treated wastewater. The steps of the 
aforementioned approached are applied to this location in Section 4.5. 
 
4.4 Current and projected water gap in MENA countries 
Published water and wastewater figures, projections of future water demand, and results 
of Equation 4.1 have been assembled in Tables 4.2 to 4.5. In Tables 4.3 to 4.5, unmet 







figures are rather misleading – particularly for Qatar and United Arab Emirates who are 
producing large quantities of desalinated water. “Filled demand” in this context refers 
only to water abstracted from surface and groundwater sources (Immerzeel et al. 2011). 
 
Table 4.2 Current wastewater figures for study locations 
Country WW generateda  WW treated  Treated WW used for irrigation 
 
Volume 
km3/yr Reporting year 
 Volume 
km3/yr Reporting year 
 Volume 
km3/yr Reporting year 
Egypt 7.078 2012  3.711 2012  0.290 2011 
Jordan 0.180 2002  0.111 2010  0.103 2010 
West Bank 0.030b 2010  0.002b 2010  0b 2010 
Qatar 0.274 2008  0.117 2012  0.078 2012 
Tunisia 0.287 2009  0.226 2010  0.067 2009 
United Arab Emirates 0.500 1999  0.289 2006  0.140 2012 
Except as otherwise noted, data are from FAO-AQUASTAT (2014); a Annual volume of domestic, commercial 
and industrial effluents, and storm water runoff, generated within urban areas; b Palestinian Water Authority 
(2012) 
 




 Water demand, 
2000-2009d 
 Unmet demand, 
2000-2009d 









Egypt 82,056,378  55.837  2.858  68.3 2000 
Jordan 6,459,000  1.113  0.853  0.941 2005 
West Bank 2,719,112b  0.341  0.210  0.094f 2009 
Qatar 2,168,673  0.325  0.083  0.444 2005 
Tunisia 10,886,500  2.472  0  2.85 2001 
United Arab Emirates 9,346,129  3.370  3.036  3.998 2005 
a Except as otherwise noted, data are from United Nations (2012); b Palestinian Central Bureau of Statistics 
(2013); c Palestinian Water Authority (2012); d Immerzeel, et al. (2011); e FAO-AQUASTAT (2014): includes 

















WW collected, 2030b 
 Water demand, 
2030c 
 Unmet demand, 
2030c 
 Capita  Volume, km3/yr  Volume, km3/yr  Volume, km3/yr 
Egypt 102,553,000  5.68  70.408  22.364 
Jordan 8,743,000  0.28  1.528  1.348 
West Bank na  na  0.486  0.408 
Qatar 2,760,000  0.43  0.381  0.209 
Tunisia 12,449,000  0.36  3.295  0 
United Arab Emirates 12,330,000  1.48  3.495  3.243 
na implies the data was not available, or data required for the calculation was not available; a Except as otherwise 
noted, data are from United Nations (2012); b Calculated from Equation 1; c Under an average climate projection, 
Immerzeel, et al. (2011) 
 





WW collected, 2050b 
 Water demand, 
2050c 
 Unmet demand, 
2050cd 
 Capita  Volume, km3/yr  Volume, km3/yr  Volume, km3/yr 
Egypt 121,798,000  6.75  87.681  31.648 
Jordan 10,661,000  0.35  2.276  2.088 
West Bank na  na  0.709  0.624 
Qatar 2,985,000  0.47  0.395  0.246 
Tunisia 13,030,000  0.38  4.452  0.837 
United Arab Emirates 15,479,000  1.86  3.389  3.189 
na implies the data was not available, or data required for the calculation was not available; a Except as otherwise 
noted, data are from United Nations (2012); b Calculated from Equation 1; c Under an average climate projection, 
Immerzeel, et al. (2011); d Unmet demand does not include water produced by desalination or reclaimed water.  
 
4.5 Case study: Gabès City, Tunisia 
The national water supply of Tunisia translates into about 435 cubic meters per person 
per year, which is well below the UN’s water scarcity indicator of 1,000 cubic meters per 
person per year (National Research Council 2007; WWAP 2012). Treated wastewater 
reuse has been considered as a means to improve both water and food security in Tunisia, 
and a way to improve the livelihoods of farmers. Wastewater reuse in Tunisia is regulated 
by the 1975 Water Code (NT 106.02), subsequent decrees and standards issued in 1989, 
and a list of crops and requirements for wastewater reuse projects released in 1994 and 
1995, respectively (Angelakis et al. 1999). In short, it is not permissible to irrigate 
vegetables (limiting reuse primarily to trees, forages, industrial crops, and landscaping), 







Ministry of Environment and Land Use Planning, and Ministry of Health (Angelakis et al. 
1999; Bahri and Brissaud 1996). Policy also dictates a fixed national rate to be paid by 
the farmer per unit of treated wastewater. These criteria and water quality standards are 
defined in Table 4.6. 
 
Table 4.6 Criteria and maximum limits for irrigation with treated wastewater in Tunisia 
(Angelakis et al. 1999) 
Type of regulation law 
Year established 1975 
Code number NT 106.02 
Minimum treatment required stabilization ponds 
Suitable crops for irrigation fodder, trees 
Main treatment processes stabilization ponds, or equivalent 
pH 6.5-8.5 
BOD5 (total) (mg/L) 30 
COD (mg/L) 90 
Suspended solids, SS (mg/L) 30 
Residual available Cl (mg/L) 2,000 
Fluoride, F (mg/L) 3 
Halogenated hydrocarbons (mg/L) 0.001 
Arsenic, As (mg/L) 0.1 
Boron, B (mg/L) 3 
Cadmium, Cd (mg/L) 0.01 
Cobalt, Co (mg/L) 0.1 
Chromium, Cr (mg/L) 0.1 
Copper, Cu (mg/L) 0.5 
Iron, Fe (mg/L) 5 
Manganese, Mn (mg/L) 0.5 
Mercury, Hg (mg/L) 0.001 
Nickel, Ni (mg/L) 0.2 
Lead, Pb (mg/L) 1 
Selenium, Se (mg/L) 0.05 
Zinc, Zn (mg/L) 5 
Salinity (µS/cm) 7,000 
Nematodes (eggs/L) <1 
 
Each of the ministries involved in treated wastewater reuse provides specific services: the 
Ministry of Agriculture through the Regional Department for Agricultural Development 
(CRDA) is responsible for feasibility studies and technical oversight, the Ministry of 
Environment and Land Use Planning through the National Office of Sanitation (ONAS) 







monitors the quality of wastewater discharged from wastewater treatment plants, and the 
Ministry of Health ensures the safety of farmworkers and population surrounding 
irrigated areas.  
This study draws upon published datasets and original data obtained from a field study 
the Gabès City activated sludge treatment plant and associated agricultural area in Gabès 
Governorate, Tunisia. Treated wastewater effluent samples were analyzed, and local 
agricultural producers and local experts in water and wastewater were interviewed to gain 
a better understanding of the perception and practice of irrigation with treated wastewater. 
 
4.5.1 Projected water gap 
In 2000, water withdrawals for agriculture account for 76% of total annual water 
withdrawals for Tunisia, or 2,165 Mm3 (FAO, 2014). Based on the best publically 
available data presented in Table 4.3, all the available treated wastewater were to be used 
in agriculture (less that which is already reported to be used), annual water withdrawals 
for agriculture could be reduced by 7% (159 Mm3/year). Admittedly, this figure is 
unrealistic given the cost associated with distributing this water to agricultural areas, the 
unlikely demand by consumers, system losses, and the need for some of this water for 
environmental services. Tunisia’s country-level projected water gap for 2050 is defined 
in Table 4.5 as 837 Mm3. Refined governorate-level data about water demand and supply 
is not currently available; however, the potential for treated wastewater reuse in unique 
settings can be considered. 
 
4.5.2 Potential outlets for reuse 
The Gabès City wastewater treatment plant receives 20,000 m3/day of municipal 
wastewater from Gabès City. Approximately 30% of its treated effluent is reused in 
agriculture at the Dissa Agricultural Area (Chapter 5) and 15% (3,000 m3/day) of the 







membrane filtration treatment process. The remaining 55% of the treated effluent is 
discharged directly into the Gulf of Gabès, providing no positive environmental services. 
In fact, the situation of the Gulf of Gabès has come under increased scrutiny in recent 
years following a number of studies on pollution from the phosphogypsum industry and 
anthropogenic activities, including discharge of sewage, in the gulf (e.g., Barhoumi, et al., 
2009; Messaoudi, et al., 2009) and a popular movement to stop pollution in Gabès City. 
Reusing wastewater inland, and protecting the already heavily impacted Gulf of Gabès 
could be of benefit. The potential for additional reuse applications exists; including the 
expansion of the Dissa Agricultural Area, irrigation of other existing or new agricultural 
areas, or additional reuse in the industrial sector. 
 
4.5.3 Applying the framework 
As an input dataset, a vector shapefile for irrigation demand (liters/second/hectare) for 
Gabès City and the surrounding area was rasterized to a 90 meter by 90 meter grid. Gabès 
City’s wastewater treatment plant treats 20,000 m3/day; however, 3,000 m3/day of this 
effluent is committed to the local chemical industry, so assuming no other allocations, 
17,000 m3/day of effluent is available for irrigation of agricultural lands.  
The radius surrounding the Gabès City wastewater treatment plant in which all of the 
treatment plant’s effluent is consumed by suitable agricultural demand was calculated 
using the input dataset and Equation 4.2. “Suitable demand” was determined by local 
policy which only allows for the irrigation of tree (e.g., olive, citrus, nuts, pomegranate) 
or fodder crops by treated wastewater. A land use was considered simultaneously with 
irrigation demand and irrigation water was only allocated to agricultural areas defined as 
growing trees or fodder crops. Figure 4.6 illustrates the cumulative water use in irrigation 
applications around the Gabès City wastewater treatment plant as a function of distance. 
Relatively little effluent is used within the first three kilometers around the wastewater 
treatment plant, but the supply is consumed quickly once the radius encompasses 
agricultural areas producing crops suitable for irrigation with treated wastewater like 







calculated to be 6.1 kilometers around the wastewater treatment plant with a total water 
use rate of 16,951 m3/day and total irrigated area of 482 hectares (Figure 4.7).  
 
 










Figure 4.7 Radius of influence, considering suitable crops for irrigation and irrigation 
demand (adapted from AQUIFER, 2006) 
 
The cost of conveyance (pumping, or by tanker truck) of the treated wastewater from the 
source to the point of use will vary based on distance. With information about 
conveyance costs, zones could be used to break down this distance into areas in which the 
cost of conveyance may be similar; however, depending on the location of infrastructure 
(pipes and roads) the zones may not be concentric circles.   
This application of the framework demonstrates how a significant quantity of treated 
wastewater could be consumed by the agricultural sector and subsequently decrease 
freshwater withdrawals, or increase local agricultural production. Ultimately energy costs, 
priorities and preferences of local decision makers, and demand from agricultural 
producers will influence where and how much treated wastewater is consumed by 
agriculture, but with treated wastewater integrated into a national water management 








4.6 Conclusions and future work 
As countries attempt to cope with pressures placed on existing water resources, the 
potential of treated wastewater and other reclaimed waters to fill the water supply-
demand gap will be called into question. Implementing a wastewater reuse scheme comes 
with a number of technical and social challenges, but if the potential of this water is great 
enough, investing in overcoming these challenges may be deemed a worthwhile cause.   
This work has presented the projected water supply-demand gap for select MENA 
countries, and developed a framework for quantifying the potential of treated wastewater 
to fill this gap. As demonstrated in the case study from Gabès, Tunisia, treated 
wastewater can be consumed in a relatively small area near to the source, but there are a 
lot of unquantifiable factors, such as the power of human choice and environmental 
impacts, that are difficult to integrate into such a framework.  
In future work, this framework may be refined to more accurately represent costs 
associated with collection, treatment, and reuse of municipal wastewater. Additionally, 
unique scenarios including upgrading wastewater treatment technology to produce a 
higher quality effluent, improving wastewater collection rates, and adjusting treated 
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CHAPTER 5. CASE STUDY: AN EVALUATION OF A TREATED WASTEWATER 
REUSE SCHEME IN SOUTHERN TUNISIA 
5.1 Abstract 
Dissa agricultural area was conceived by Tunisia’s Ministry of Agriculture through the 
Regional Department for Agricultural Development (CRDA) with the aim of creating 
jobs and promoting irrigation with treated wastewater. This study evaluates whether 
Dissa is meeting its original goals and identifies best practices for treated wastewater 
reuse projects. Findings from an evaluation conducted in 2004, and a follow-up survey in 
2013 are presented. Flaws with the original project model and management of Dissa, and 
high salinity of irrigation water, have resulted in a largely failed project. Lessons from 
Dissa may inform future reclaimed water projects in Tunisia and elsewhere. 
 
5.2 Introduction 
Much of Southern Tunisia is classified as arid and is characterized by a scarcity of water 
which has been intensified by drought in recent years. Water is a critical factor for 
maintaining economic growth in this region which is dependent upon agriculture, 
industry, and tourism.  Irrigation of agricultural products accounts for nearly 80% of 
freshwater demands in Tunisia (FAO 2013). Wastewater treatment facilities became 
nearly universal in Southern Tunisia by the late 1990s and early 2000s: providing a 
constant supply of treated wastewater for reuse. Reusing this water for the irrigation of 
fodder crops and fruit trees offers two major benefits: nutrient levels in treated 
wastewater may decrease the need for fertilizer inputs and improve soil fertility, and 
sensitive coastal areas may be protected by reducing the volume of treated wastewater 








Wastewater reuse in Tunisia is regulated by the 1975 Water Code, subsequent decrees 
and standards issued in 1989, and a list of crops and requirements for wastewater reuse 
projects released in 1994 and 1995, respectively (Angelakis et al. 1999). In summary, the 
policy in Tunisia states that it is not permissible to irrigate vegetables (limiting reuse 
primarily to trees, fodder, industrial crops, and landscaping), and all reuse projects must 
be approved and monitored by the Ministry of Agriculture, Ministry of Environment and 
Land Use Planning, and Ministry of Health (Angelakis et al. 1999; Bahri et al. 1996). 
Policy also dictates a fixed national rate to be paid by the farmer per unit of treated 
wastewater.  
Each of the ministries involved in treated wastewater reuse provides specific services: the 
Ministry of Agriculture through the Regional Department for Agricultural Development 
(CRDA) is responsible for feasibility studies and technical oversight, the Ministry of 
Environment and Land Use Planning through the National Office of Sanitation (ONAS) 
and National Agency for the Protection of the Environment (ANPE) collect, treat, and 
monitor the quality of wastewater discharged from wastewater treatment plants, and the 
Ministry of Health ensures the safety of farmworkers and the population surrounding 
irrigated areas.  
Dissa agricultural area was implemented in 1999 by CRDA with the aim of creating jobs 
and promoting the reuse of treated wastewater in agriculture. This project was funded by 
the Ministry of Agriculture and through loans to farmers by the Banque Nationale 
Agricole (BNA). The project invited 24 young farmers to undertake the responsibility of 
operating an eight hectare farm, and benefiting from the subsequent profit.  
Dissa is an area of 200 hectares located in Gabès Governorate, approximately six 
kilometres northwest of Gabès City (Figure 5.1). The site was selected based on the 
proximity to the Gabès City wastewater treatment plant, distance from urban areas, ease 
of access by major roads, topography of the land, soil quality, availability of local labor, 
and the situation of the land as communally-owned. The local climate is characterized by 
very high evapotranspiration and low relative humidity. The average rainfall in Gabès is 








events per year, and nearly 85% of the days are windy, resulting in wind erosion and the 
need for wind breaks in order to sustain agricultural activities (Bechraoui 1980). The 
average monthly temperature varies between 11.5 °C in January and 28.1 °C in August, 
and daily highs above 40 °C are common in summer (Bechraoui 1980). The soil is 
classified as a loosely structured sandy loam with little humus, and moderately rich in 
limestone and gypsum.  
Gabès Wastewater Treatment Plant receives 20,000 cubic meters per day of municipal 
wastewater from Gabès City. The facility, managed by ONAS, offers secondary 
wastewater treatment is an activated sludge wastewater treatment plant with an inlet 
screen, grit removal, aeration chambers, and clarifiers. Under normal circumstances, 
sludge would be removed regularly; however, following the Tunisian revolution of 2010-
2011, the treatment plant has not received this routine maintenance and as a result the 
treatment efficiency has decreased. During the revolution, the laboratory and equipment 
at the facility was vandalized and many historical records were destroyed by fire. 
In 1996, construction began at the Dissa site. Two separate agricultural areas were 
developed: the first of 120 hectares to the north, and the second of 80 hectares to the 
south. Between the two areas, a 2,600 cubic meter reservoir was constructed to receive 
treated wastewater from Gabès City wastewater treatment plant. Within the agricultural 
areas, land was leveled and divided into eight hectare plots, and roads, windbreaks, and a 
primary irrigation network were installed. Each plot was provided with two metered 
connection sites to the irrigation network.  
In 1999, twenty-four young men from the neighboring town (Bouchema) were selected 
by the local government to enter a 40 year contract with the Ministry of Land Affairs and 
Properties to use the land (rent free) for agricultural production. The young farmers were 
also provided with six month training sessions on handling and use of treated wastewater, 
planting techniques, and dairy operation. Additionally, farmers were provided with a loan 
by the Banque Nationale Agricole (BNA) for 40,000 Tunisian dinars (29,000 USD at the 
time) with a 12 year pay-back period to purchase the following items: supplies to 








backpack sprayer for fertilizer and pesticide, 1,000 meters of irrigation PVC conduit for 
farm-level irrigation network, alfalfa seed to plant 3-5 hectares, and 1,500 pomegranate 
saplings (3 hectares with 500 trees per hectare). 
Three farmers from Dissa were elected to serve on a board (Association of Collective 
Interest, or AIC) to liaise with CRDA, manage the site, collect payments from farmers, 
and pay bills. By national decree, farmers are charged 0.020 Tunisian dinar (DT) per 
cubic meter of treated wastewater. Other operating expenses of Dissa include electricity 
consumption (approximately 3,000 DT/year) and salary for a pumping station operator 
(7,200 DT/year). 
In complement to the agricultural activities at Dissa, the Institute of Arid Lands (IRA) 
carried out research on tertiary treatment of wastewater from the Gabès City wastewater 
treatment plant. This research was conducted in hope of changing Tunisian guidelines for 
treated wastewater reuse. Infiltration percolation through unsaturated course sand proved 
to be a simple and effective method for reducing COD and ammonium in secondarily 
treated wastewater, and results were favourable for the removal of pathogens, including 
total and fecal coliform (Bali et al. 2010; Eturki et al. 2011).  
This paper presents a summary of findings from a project evaluation of Dissa agricultural 
area conducted in 2004 and subsequent evaluation in 2013. This evaluation has been 
conducted for two reasons.  
First, we wish to determine whether the project is meeting the original goals defined at 
the outset of the project. The conclusions of the evaluation conducted in 2004 outlined 
many problems with the project. As of that time, four farmers had abandoned their farm 
plot completely, and several challenges and potential areas of improvement were 
identified.  
Second, we identify lessons to be learned for future treated wastewater reuse projects in 
the south of Tunisia and similar areas. With growing demands on freshwater and an 








strategic resource. In that case, it will be important to build upon the knowledge gained 
through previous projects in order to increase the efficiency by which treated wastewater 
reuse projects are managed. 
 
 
Figure 5.1 Map of Tunisia and study area 
 
5.2.1 Materials and methods 
In 2013, 7 farmers currently engaged with the Dissa agricultural area in some capacity 
were asked to voluntarily participate in a semi-structured interview. Interviewees were 
asked to provide information about their current irrigation practices, experience and 
satisfaction with using treated wastewater, crops grown and sold, perceptions about the 








Grab samples of irrigation water (treated wastewater from Gabès City wastewater 
treatment plant) were collected over three days at Dissa during November 2013 from 
three farms that were in the process of irrigating their plots, and one sample was taken 
from the reservoir. As the sampling period was short and we know the Gabès City 
wastewater treatment plant is not operating as well as in the past, we chose to rely on 
historical effluent data from a date (pre-revolution) when the plant was operating as 
intended and compare that data with the current situation. 
Treated wastewater samples were collected from Dissa and transported to the IRA 
laboratory in Gabès City for analysis. BOD5 was analysed using a Hach BODTrakTM 
respirometric apparatus. COD was analysed using the standard potassium dichromate 
method (APHA, 1985). Nitrate (Hach Method 8039), orthophosphate (Hach Method 
8048), and chlorine (Hach Method 8167) were all analysed using a colorimetric method 
with Hach reagent pillow packs (Hach 2013a; 2013b; 2013c). Electrical conductivity (EC) 
was measured using a conductivity probe. For analysis of heavy metals (Aluminum, 
Arsenic, Boron, Cadmium, Chromium, Cobalt, Copper, Iron, Lead, Manganese, Mercury, 
Nickel, and Zinc), samples were filtered into 15 mL vials, acidified to < pH 2 with nitric 
acid and carried with blue ice packs in a cooler to Purdue University in accordance with 
standards for sampling, preservation, storage, and shipping of wastewater samples 
(APHA 2005; US EPA 2011). Samples were analyzed at Purdue University with a 
Perkin-Elmer ELAN DRC-e Inductively Coupled Plasma Mass Spectrometer (ICP-MS). 
 
5.3 Results 
In 2004, 17 of the original 24 farmers at Dissa agricultural area (all using treated 
wastewater from Gabès City wastewater treatment plant for irrigation of their farms) 
were interviewed. It was discovered at that time that four of the original farmers had 
abandoned the farm completely and cancelled their lease. In 2004, six of the farmers were 
between the ages of 25 and 30, and 11 farmers were between 31 and 39. Sixteen of the 17 
farmers had a secondary education and one had completed a college degree. Fifteen of 








starting farming at Dissa, and in 2004, seven farmers were working full-time in 
agriculture, and 10 had another job and were only engaged in agriculture part-time.  
In 2013, seven farmers associated in some capacity with Dissa agricultural area were 
interviewed. Five of the interviewees were original renters who began with the project in 
1999 (one of which was not working on the farm, but renting the land to someone else), 
and two of the interviewees were renting part or all of the eight hectare plot from the 
original renter. Six of the farmers interviewed had completed secondary school, one had 
only completed primary school, and none had completed any post-secondary training. 
Their range of ages were between 34 and 64 years old. All but one interviewee indicated 
that his primary occupation was agriculture. Regarding the farmers’ motivations for 
working at Dissa, five cited that they were originally drawn to Dissa by the opportunity to 
have an income, one was motivated by the government loan, and one of the new renters 
said he was farming there because the treated wastewater was less expensive than the 
freshwater he had been using at his personal farm to irrigate fodder crops for his livestock. 
Three of the farmers interviewed employed a laborer to help with the farm work. 
 
5.3.1 Livestock 
In 2004, 14 of the 24 total farmers were actively raising dairy cows on their farm. The 
majority of surveyed farmers in 2004 were selling their milk to a milk collector. The 
collector came to the farm twice a day and paid the farmers 0.420 DT/litre. It was noted 
by the farmers that consumers were not concerned about the fact that the milk came from 
dairy cows consuming treated wastewater irrigated fodder. The peak of dairy cattle 
production was in 2002 with 220 heads across the entire Dissa scheme; however, a 
significant reduction in production of dairy cattle was noted starting from 2003. By 2004, 
there were only 131 cattle, 77 of which were dairy cows. Some farmers attributed the 
decline in numbers to a high mortality rate at birth because of limited experience of the 
farmers in cattle production. Another major challenge was the lack of potable water for 








production, with five of the farmers switching to the production of sheep. In 2013, no 
dairy cows or other livestock were observed at Dissa. 
 
5.3.2 Crop production 
The initial conditions of the project dictated the planting of alfalfa and pomegranate trees 
(3 hectares). In 2004, the primary production at Dissa was in fodder crops including 
alfalfa, oat, and sorghum. Secondarily, farmers were also practicing arboriculture through 
the production of primarily olive and pomegranate trees. At the initialization of the 
project, each farmer received 50 young date palm trees; however, the success of the date 
palm was very poor. Farmers attributed failure of the date palm to the trees being poorly 
prepared for transplantation by the supplier.  
In 2004, alfalfa was the main fodder crop grown in Dissa. The total area planted with 
alfalfa increased over the first three years of the project, but by the third and fourth years 
a downward trend was observed. In 2004, the average amount of land planted in fodder 
crops was 0.5 hectare per farm. A similar trend was observed with pomegranate trees. At 
the peak, an average of 3.3 hectares per farm were planted with pomegranate trees, but 
between 2002 and 2003 a rapid decline was experienced. Farmers attributed this decline 
to drought, lack of wind breaks, and irregular supply of irrigation water to the farms. To 
replace pomegranate trees, many farmers turned to olive plantations.  
In 2013, of the seven farmers interviewed, six reported having olive trees and four had 
pomegranate trees. Six of the farmers were cultivating oats, four alfalfa, and one was 
growing sorghum. Two of the farmers reported selling fodder crops for profit, while the 
others used the fodder for personal livestock produced at another site. 
 
5.3.3 Water use and management 
During the survey in 2004, none of the farmers were satisfied with the management of the 








consecutive days per month. The primary method of irrigation in 2004 and in 2013 was 
flood irrigation. In 2004, it was observed that no more than four of the original 24 
farmers had installed secondary irrigation networks on their farm as dictated in the 
preconditions of the project. All of the farmers had purchased the irrigation conduit 
(1,000 meters of irrigation PVC conduit) with the original bank loan, but it was not 
installed. Only one of the seven farmers interviewed in 2013 was using a secondary 
irrigation network to provide localized and drip irrigation to his trees. 
In 2013, five of the seven farmers interviewed were dissatisfied with the quality and 
quantity of treated wastewater provided to their farm. Reasons for their dissatisfaction 
included: irregular and insufficient supply; poor quality, including high salinity; negative 
impacts on soil properties; and the quality of treated wastewater not being suitable for 
tree crops. However, one farmer producing only fodder crops claimed that his yields were 
better at Dissa than in the Gabès oasis cropping system. (Details about this system can be 
found in Bechraoui (1980) and Van Schoubroeck, et al. (2010).)  
At the beginning of the project, farmers refused to pay for the cost of treated wastewater 
or electricity which resulted in power cuts and disruption to the provision of water to the 
farms. When asked about the situation in 2004, farmers cited inequitable management of 
water as their reason for refusing to pay for services at Dissa. In 2013, farmers were 
asked again about their satisfaction with the cost of farming at Dissa. Five of the seven 
farmers interviewed were dissatisfied with the amount they were paying and four of those 
farmers believed they should be paying nothing for treated wastewater. 
 
5.3.4 Health situation 
According to the Ministry of Health, every farmer involved with the handling of treated 
wastewater should be immunized against typhoid and tetanus. In 2004, all farmers 
reported that they had been immunized. In 2013, five of the seven farmers had completed 
their immunizations. The other two farmers had not received the required immunizations 








immunizations. All farmers were provided with training at the beginning of the project 
regarding possible health risks associated with the handling of treated wastewater and the 
appropriate use of protective clothing (gloves, boots, etc.). Despite this, farmers 
interviewed in 2004 were willing to wear boots only at the time of irrigation. In 2013, the 
situation was much the same. Five of the seven farmers mentioned wearing boots during 
irrigation, one was using localized irrigation to limit his risk, and another refused to use 
any kind of protective measures. Among the interviewees in 2004, two farmers reported 
having a rash on their skin believed to be caused by exposure to treated wastewater. For 
other farmers and their workers, no illnesses were reported. In 2013, one farmer reported 
having some skin sensitivity at the beginning of the project, but no illnesses of the 
farmers or laborers were reported. 
 
5.3.5 Water quality 
Given the current state of wastewater management in Tunisia, both historical (Table 5.1) 

















Table 5.1 Historical treated wastewater quality from Gabès City wastewater treatment 
facility, adapted from Meftah (2004) 
 
Parameter Standardc Maximum Average 
Standard 





COD (mg/L) 90ab 74.8 44.9 21.4 47.8 
BOD5 (mg/L) 30
ab 5.7 4.2 0.9 66.4 
Nitrogen, Total Kjeldahl (mg/L)  20 3.9 6 153.4 
Ammonium, NH4
+ (mg/L)  17 2.7 4.9 182.5 
Nitrate, NO3
- (mg/L)  35 17.45 7 40.5 
Phosphate, PO4







COD (mg/L) 90ab 54 19.8 11.6 60.5 
BOD5 (mg/L) 30
ab 8.5 3 2.3 76.9 
Nitrogen, Total Kjeldahl (mg/L)  20 2.5 5.2 205.6 
Ammonium, NH4
+ (mg/L)  17 1.9 4.38 230.6 
Nitrate, NO3
- (mg/L)  211 4.1 3 71.9 
Phosphate, PO4
3- (mg/L)  11.3 49.3 48.5 96.5 
Fecal coliform (cfu/100 mL)  4.30E+02 2.00E+02 2.50E+02 127 







COD (mg/L) 90ab 30.7 17.1 11.3 66.4 
BOD5 (mg/L) 30
ab 17 5.9 5.1 86.9 
Nitrogen, Total Kjeldahl (mg/L)  11.5 2.2 3 67.7 
Ammonium, NH4
+ (mg/L)  5 1 1.6 155.1 
Nitrate, NO3
- (mg/L)  93 37 25.6 69 
Phosphate, PO4
3- (mg/L)  4.6 2.2 1.2 56 
Fecal coliform (cfu/100 mL)  1.00E+02 6.50E+02 4.50E+04 69 




















Table 5.2 Quality of treated wastewater at Dissa agricultural area (2013) 
Date Collected  12 November 13 November 14 November 14 November 
Sample Point  Farm A Farm B Farm C Reservoir 
 Standardc     
Sample T (°C)  22 20 22 -- 








COD (mg/L) 90ab 84.5 54.9 46.5 139.4 
EC (µS/cm) 7000 4520 4520 4420 4420 
Chloride (mg/L) 2000 0.02 0.07 0.04 0 
Nitrate, NO3
- (mg/L)  14.6 5.75 1.3 0 
Phosphate, PO4
3- (mg/L)  8.50 8.20 10.08 10.44 
Aluminum (mg/L)  0.014 0.254 0.170 0.132 
Arsenic (mg/L) 0.1 0.007 0.006 0.005 0.005 
Boron (mg/L) 3 0.550 0.528 0.550 0.546 
Cadmium (mg/L) 0.01 0.007 <0.001 d <0.001 d <0.001 d 
Chromium (mg/L) 0.1 <0.001d <0.001 d <0.001 d <0.001 d 
Cobalt (mg/L) 0.1 <0.001 d <0.001 d <0.001 d <0.001 d 
Copper (mg/L) 0.5 0.013 0.003 0.012 0.008 
Iron (mg/L) 5 0.693 0.768 0.798 0.790 
Lead (mg/L) 1 <0.001 d <0.001 d 0.001 0.001 
Manganese (mg/L) 0.5 0.071 0.072 0.075 0.070 
Mercury (mg/L) 0.001 <0.001 d <0.001 d <0.001 d <0.001 d 
Nickel (mg/L) 0.2 0.010 0.011 0.013 0.013 
Zinc (mg/L)  5 0.024 0.233 0.070 0.094 
a 24-hour composite sample; b Except with special authorization; c Tunisian national standard for treated 
wastewater reuse – blank fields imply that a standard does not exist; d Concentration was below the detectable 
limit. The detectable limit for ICP-MS is 1 ppb (0.001 mg/L) to 5 ppm (5 mg/L). 
 
5.4 Discussion 
To summarize the study of 2004, the following problems were identified by the farmers 
and researcher: 
- Eight hectares was too much for one person, so hired labor was necessary to 
cultivate the entire plot 
- The irrigation network was poorly maintained and sometimes farmers may go for 
more than 10 days without water 
- Absence of potable water and electricity at the farm sites made it difficult to water 
livestock and impossible for laborers to work long hours or overnight at the farm 
- Farmers lacked experience with livestock and the model was not flexible to allow 








- Much of the farm land was lacking a wind break which made it difficult to plant 
young trees 
- Dissa is situated on poor quality soil, so soil amendments were necessary and 
there was no drainage system present 
As of 2013, none of these problems had been addressed and many were reiterated by 
farmers.  
Dissa was conceived under a strict model: farmers were provided with land, access to 
treated wastewater, a large bank loan, and required to buy specific items (supplies to 
construct an animal house, dairy cows, a milking machine, a fertilizer mixing machine, 
irrigation conduit, alfalfa seed, and pomegranate trees).  
Few of the farmers had experience with dairy cows and preferred to raise no animals, or 
raise sheep and goats which are more traditional in the area and considered easier to 
manage. Electricity and potable water were not, and are still not, provided at the farms, so 
conditions are unfavorable for farmers and laborers to stay long hours working in the 
fields. Furthermore, few of the participants selected for this project had any previous 
experience in agriculture and were coming from backgrounds in the service and 
manufacturing sectors. 
Without access to freshwater, farmers were limited to planting trees, fodder, and 
industrial crops which are the only crops allowed to be irrigated with treated wastewater 
under Tunisian national law. Dissa is situated on marginal land. The soil quality and 
prevalence of wind has proven to be unsuitable for the cultivation of fruit trees. Water use 
efficiency is also very poor at Dissa because of a lack of secondary irrigation networks. 
Farmers rely on the use of flood irrigation where treated wastewater is released into 
canals at the farm site and moves over land to cover nearly four hectares. These 
constraints, combined with other problems with management did not allow much 
flexibility for the farmers and has led to the poor state of the farm at current. Many 








coming from Dissa, so it comes as no surprise that few of the remaining farmers are able 
to repay their initial bank loan. 
Results of the water quality analysis, provide two points of interest. The first is that the 
BOD5 and COD, particularly of the sample collected from the reservoir, is higher than 
the historical treated wastewater quality reported from the Gabès City wastewater 
treatment plant. This finding serves to confirm that the plant is not operating as 
effectively as in the past; however, elevated BOD5 and COD are not of concern for crop 
production. The second point of interest is the high electrical conductivity (EC) of the 
samples, which is of significant concern for crop production. While the levels do not 
exceed that of the Tunisian national standard (7,000 µS/cm; 4,690 mg/L), an EC greater 
than 3,000 µS/cm (2,010 mg/L) imposes a severe restriction on yield (Ayers and Westcot, 
1985). Salinity limits the water availability to the plant, and as such, special management 
practices, like land grading or soil leaching, may need to be employed to ensure 
successful crop production. This high level of salinity may be due in part to degraded 
infrastructure between the Gabès City wastewater treatment plant and Dissa which is 
allowing intrusion of salt water into the system. As the treated wastewater quality has 
only been consistently monitored at the exit of the treatment plant, and not on site at 
Dissa, it is unclear how long salinity levels have been elevated. High salinity may, in part, 
explain the problems farmers have experienced with crop production at Dissa. No risk 
associated with heavy metals was identified. Heavy metal concentrations in the samples 
(Table 5.2) were well below standard limits and below detectable limits for many 
analytes. 
Lessons can be learned from the situation at Dissa. First, conducting field trials with 
various tree and fodder crops, or referring to the knowledge of existing local farmers, 
may have aided in determining which crops were best suited for the area. If the farmers 
were armed with this knowledge, they may have more successful in their attempts at 
cultivating this area. Second, given that Dissa was a somewhat experimental project and 
model for treated wastewater reuse on arid lands, participants with some demonstrated 








model would have provided farmers with the opportunity to choose aspects of 
agricultural production they were most interested in and the farm size they were 
comfortable undertaking, opposed to being forced into managing a large area and 
participating in dairy production and arboriculture. 
 
5.5 Conclusions 
The use of reclaimed waters for agricultural production is of growing importance in arid 
and semi-arid areas of the world facing increased pressure on freshwater resources and 
increased demand for crop calories. Dissa agricultural area was conceived in order to 
provide jobs and an opportunity for reuse of secondary effluent from an activated sludge 
wastewater treatment facility in Southern Tunisia. Flaws with the original project model, 
management, and location of Dissa have resulted in a largely failed project which has 
fallen short of its original goals. Today, few farmers remain at the site and little 
agricultural productivity can be observed. Through this failure, we can identify lessons 
and areas of opportunity to improve the situation at Dissa and better inform decisions 
associated with the conception of new initiatives for the reuse of treated wastewater in 
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CHAPTER 6. CASE STUDY: THE STATE OF IRRIGATION WITH TREATED 
MUNICIPAL WASTEWATER IN INDIANA 
6.1 Abstract 
Land application of livestock wastes is a common practice in Indiana, USA, but irrigation 
with treated wastewater has gained little traction in the state. A few small communities in 
Indiana have integrated land application of treated municipal wastewater into their 
sanitation management plan. This study highlights the wastewater treatment facilities of 
Kewanna and Bourbon, and presents the results from a survey of Indiana farmers 
regarding their perception of irrigation with treated wastewater. The most frequently cited 
concern by Indiana farmers about using treated wastewater on their farms was the 
perception of the public. Other concerns included the cost of treated wastewater, and 
whether there would be a sufficient quantity of treated wastewater available to make it 
worthwhile for farmers to use. While there is a way to go in encouraging communities 
and farmers to consider this practice, land application of treated wastewater is a sanitation 
management option for small communities and a means of reducing freshwater 
withdrawals for irrigation. 
 
6.2 Introduction 
Land application of livestock waste and wastewater, and municipal biosolids, has long 
been practiced and accepted as a means of manure management for farms in Indiana; 
however, land application of treated municipal wastewater has gained little traction with 
policymakers, consultants, and farmers. The risks, benefits, and challenges of reusing 
livestock wastes and wastewater in agricultural production are largely the same as reusing 
municipal treated wastewater: public and farmer perception, cost of infrastructure, cost 








agricultural productivity, protection of riparian and coastal areas, etc. (Knight et al. 2000; 
Hawke and Summers 2006; Westerman and Bicudo 2005). Despite the common risks 
associated with exposure to both livestock wastes and municipal wastes, the general 
perception around the use of livestock wastes is more relaxed. Perhaps this is due in part 
to the familiarity with livestock wastes and their historic role in crop production, versus 
the relative lack of experience among farmers with using municipal wastewater and bio-
solids. Furthermore, accounts in the news of E. Coli contaminated spinach have perhaps 
heightened awareness and concerns about using treated municipal wastewater for 
irrigation. 
Examples of extraordinary efforts in treated wastewater reuse are present throughout the 
world. Singapore’s NEWater facilities produce 30% of the nation’s water needs by 
reclaiming domestic sewage through treatment with membrane bioreactors (MBR) and 
ultraviolet (UV) light, and returning the water to the silicon wafer fabrication industry 
and indirect potable reuse (PUB 2010; Qin et al. 2006). In Israel, the strategic reuse of 
treated wastewater puts the country among the most efficient in the world in reclaiming 
water: around 73% of all wastewater treated in Israel is reused in irrigation of agricultural 
products (Friedler 2001; Tal 2006). In Japan, 206 million cubic meters (Mm3) of water is 
reused annually for a variety of urban applications, including environmental protection, 
irrigation, snow melting, toilet flushing, and other purposes (Ogoshi et al. 2001).  
In the United States, only around 2% of municipal wastewater is productively reused for 
irrigation of landscaping or golf courses, with the majority of this reuse occurring in 
California, Arizona, and Florida (Metcalf and Eddy Inc. 2007). Water scarcity and strict 
standards for the discharge of wastewater have driven interest in water reuse projects in 
states where water supplies are under particular stress; however, population growth and 
pressure on urban infrastructure has increased interest in other parts of the US. A few 
small communities in Indiana have turned to land application of treated wastewater as 
part of their sanitation management plan. This paper describes the systems used by two of 
these communities and presents results from a survey of Indiana farmers regarding their 








6.3 Land application of treated wastewater in Indiana 
Indiana’s population is expected to increase from 6.6 million in 2013 to 7.1 million in 
2030 (STATS Indiana 2014). Coupled with this growth is an increasing demand for water, 
food, rising standards of living, and the impacts of climate change. These issues combine 
to put a strain on freshwater resources. Irrigation is not generally required for productive 
agriculture in Indiana; only 397,113 acres (160,706 hectares), or about 3% of the state’s 
croplands are irrigated (USDA 2007). Fresh water in Indiana is pumped from 
groundwater aquifers or taken from surface waters. Most cities in Indiana have a sewage 
network and wastewater treatment system of some nature; however, many households 
located in unconnected or rural areas rely on septic tanks. Indiana Public Law 178 
enacted in May 2013 states that if there is an available sewage line within 300 feet (91 
meters) of an establishment, that property must be connected to the sewage network 
(LegiScan 2013).  
The small number of facilities that land apply treated wastewater in Indiana reported a 
total of 74,200 m3 applied for the year 2013, while the volume applied by industrial 
sources was much greater (IDEM 2014). Municipal wastewater treatment facilities 
discharged an average of 3.04 Mm3 in 2013 while the remainder of the non-municipal 
sanitary discharges totaled an additional 74,100 m3 (IDEM 2014). The Indiana 
Department of Environmental Management (IDEM) regulates discharge of treated 
wastewater in Indiana and provides oversight to land application. Land application of 
treated wastewater is regulated by 327 IAC 6.1-7-3 (general provisions for domestic 
wastewater application on land with a low potential for public exposure, issued in 1998), 
which allows irrigation of non-food crops by lagoon effluents with suspended solids 
concentration of 30 mg/L. According to 327 IAC 6.1-7-3, the median fecal coliform (FC) 
level must be less than or equal to 200 fecal coliform/100 mL, and the number of fecal 
coliform must not exceed 800/100 mL in any sample. Suspended solids and fecal 
coliform limits may be suspended for multi-cell stabilization ponds with at least 120 days 








The two Indiana communities included in this paper, Kewanna and Bourbon (Figure 6.1), 
are like many other small communities that struggle with sanitation management. They 
are not large enough to justify installing a mechanical wastewater treatment plant, nor can 
local sewer rates support such an investment. Oftentimes, these small communities rely 
on facultative wastewater stabilization ponds because of the availability of land around 
small, rural communities, and the affordability of installation and operation. Despite 
being a very simple technology, these ponds have long been well-regarded for their 
efficacy at treating wastewater. In fact, there are many international examples, primarily 
from the developing world, of facultative ponds being used to treat municipal wastewater 
for reuse in agriculture (e.g., Dalu and Ndamba 2003; Bartone and Arlosoroff 1987; 
Kouraa,et al. 2002). 
 
 
Figure 6.1 Map of Indiana (not to scale) 
“Blank US Map” by Theshibboleth used under CC-BY-SA-3.0 / Significant modification from original 
 
The city of Kewanna has a population of 600, with 325 sewer connections, and the sewer 
rate is 28.10 USD per month. There are two industries located in the town: a coil spring 








required to pre-treat and monitor their wastewater effluent before it enters the municipal 
waste stream.  Approximately 30,000 gallons/day (114 m3/day) reach the wastewater 
treatment system for Kewanna which is a three-stage stabilization pond system. 
Wastewater is pumped from a transfer station, passes through a bar screen, grit chamber, 
and sewage grinder before it enters into the bottom of a 26 foot (7.9 meters) deep aerated 
cell technology patented by Sheaffer International (pictured in Figure 6.2) that holds 3 
million gallons (11,356 cubic meters). From the Sheaffer cell, which is held at a constant 
volume, wastewater flows into a two-stage pond system; each pond having a volume of 
4.2 million gallons (15,899 cubic meters). The two-stage aerated stabilization pond 
system has been installed since 1983, with the Sheaffer cell added in 2000. The cost to 
construct this system was 2,284,294 USD and the approximate energy requirement to 
treat a unit of wastewater with this system is 12.5 kWh/m3.  
 
 
Figure 6.2 Sheaffer cell at Kewanna (October 2013) 
 
Facilities for disinfection with chlorine gas exist at this site, but the fecal coliform count 
of the effluent has never exceeded the site’s land application permit, so the equipment has 








DNA testing had previously been conducted on the wastewater and it indicated that the 
coliform remaining in the treated wastewater effluent was primarily that of Canada Geese. 
Coliform counts are limited by geese control, as the feces of Canada Geese – which are 
attracted to the site by the open water and proximity to food (field crops) – can spike 
coliform counts.  
Treated wastewater from this facility is discharged only as irrigation water. During the 
summer months, 88 acres of an adjacent corn-bean rotation field is irrigated by center 
pivot. The irrigation set-up can pump about 35,000 gallons/hour (132.5 m3/hour), and 
takes four days to apply one inch of water to the field. Those four days of irrigation can 
add approximately fourteen days of storage to the wastewater stabilization ponds. In 2012, 
12.8 million gallons of treated wastewater were land applied from the Kewanna facility. 
The facility manager noted that there had been no complaints from area residents about 
the ponds or their land application practice.  
 
 









The city of Bourbon has a population of 1,817, with 750 sewer connections, and the 
sewer rate is 30 USD per month. The only industry of significance in the town is a 
printing facility with occasionally discolors the incoming wastewater. The design of 
Bourbon’s wastewater treatment system is a three-stage stabilization pond. Wastewater is 
pumped from a transfer station, passes through a bar screen, grit chamber, and sewage 
grinder before it enters the pond system. The ponds are aerated by floating solar-powered 
mixers. The first and second ponds were installed in 1966, and the third pond was added 
in 2003, followed by solar-powered mixers in 2006. The ponds are managed such that 
when the first pond is full, wastewater is transferred into the second and third ponds, 
where it is subsequently discharged. This facility has a center pivot irrigation system 
which was installed in 1994. The irrigation system was designed for an application area 
of 1,300 feet by 2,600 feet (76 acres [30.8 hectares]), an estimated flow of 0.3 MGD (or 
1,136 m3/day), an application rate of 2 inches of water per week four, 12-hour days, and 
one pump rated at 1,000 gpm to maintain 50 psi at the center pivot. This system is not 
used frequently and was not used at all in 2013 because the facility also has a National 
Pollutant Discharge Elimination System (NPDES) permit which allows discharge to the 
adjacent ditch. The operators have had several negative experiences with land application 
of the treated wastewater. Some cited issues with land application in Bourbon were that 
the soil was already constantly moist and did not need irrigation, farmers were not willing 
to bid on a contract to farm the land because of the wet conditions, and neighbors had 
expressed concern about spray from the irrigator drifting on to their fields. As a result, 
the tendency is to discharge the treated wastewater opposed to irrigating. 
 
6.4 Treated wastewater quality 
In order to evaluate the performance of the system and the quality of treated wastewater 
produced by the facilities in Kewanna and Bourbon, grab samples were collected from 
the influent and effluent of the facilities’ wastewater stabilization ponds. For anions, 
samples were collected in polyethylene (PE) bottles with no additives and stored at 








washed PE bottles and acidified by ultrapure, concentrated HNO3. For BOD5 analysis, 
alcohol washed 300 mL borosilicate glass bottles with flared lip and ground-glass stopper 
at varying dilutions were used. Sample temperature was recorded in the field and 
dissolved oxygen was recorded for each dilution for BOD analysis. Diluted samples for 
BOD analysis were stored in the dark at 70 °F for five days at which time dissolved 
oxygen was measured again to determine 5-day BOD. Total coliform and E. Coli counts 
were determined by using a membrane filtration kit with 2 mL of sample diluted into 10-




3--P according to United States Environmental Protection 
Agency (USEPA) Methods 114-A Rev. 6 and 118-A Rev. 3, respectively. For analysis of 
aluminum, arsenic, boron, cadmium, chromium, cobalt, copper, iron, lead, manganese, 
mercury, nickel, and zinc), samples were filtered through Whatman Grade 1 cellulose 
membrane filters into 15 mL vials, acidified to < pH 2 with nitric acid, in accordance 
with standards for sampling, preservation, storage, and shipping of wastewater samples 
(American Public Health Association et al. 2005; US Environmental Protection Agency 
2011).  Samples were analyzed with a Perkin-Elmer ELAN DRC-e Inductively Coupled 
Plasma Mass Spectrometer (ICP-MS). Records of effluent quality from 2012 were also 
obtained for Kewanna.  
A summary of the water quality analyses conducted and historic data for Kewanna and 
Bourbon is provided in Table 6.1, and results of other elements and heavy metal analysis 
are presented in Table 6.2. Arsenic, cadmium, copper, lead, mercury, molybdenum, 
nickel, selenium, and zinc are regulated by cumulative pollutant loading rates (pounds per 
acre) in 327 IAC 6.1 and are recorded in the permanent record of the land if 90% of the 











Table 6.1 Summary influent and effluent wastewater quality from samples collected in 
October 2013 
  pH BOD5 TKN NO3- + NO2- PO43- FC 
    (mg/L) (mg/L) (mg/L) (mg/L) (cfu/100 mL) 
Standard limitsa 6 to 9 30    < 200 
Kewanna            
     Influent  7.22   0.033 2.443  
     Effluent (Average 2012) 7.4 to 9.0 3 to10 0.87 to 2.5 < 1.0 1.7 to 4.87 < 1 to 260 
     Effluent  7.82 1   0.048 3.449 17 
Bourbon       
     Influent  7.41    0.005 2.57   
     Effluent  9.48    0.017 0.723 33 
a as dictated by 327 IAC 6.1-7-3 
 
Table 6.2 Total elements concentrations in wastewater influent and effluent from samples 
collected in October 2013 
 Kewanna  Bourbon 
 Influent Effluent  Influent Effluent 
Aluminum (mg/L) 0.007 <0.001*  <0.001* <0.001* 
Arsenic (mg/L) 0.001 0.002  0.008 0.005 
Boron (mg/L) 1.37 0.271  0.316 0.246 
Cadmium (mg/L) <0.001* <0.001*  <0.001* <0.001* 
Chromium (mg/L) <0.001* <0.001*  <0.001* <0.001* 
Cobalt (mg/L) <0.001* <0.001*  <0.001* <0.001* 
Copper (mg/L) 0.011 <0.001*  0.027 0.004 
Iron (mg/L) 0.231 0.147  0.273 0.138 
Lead (mg/L) <0.001* <0.001*  <0.001* <0.001* 
Manganese (mg/L) 0.039 <0.001*  0.030 <0.001* 
Mercury (mg/L) <0.001* <0.001*  <0.001* <0.001* 
Nickel (mg/L) 0.004 0.003  0.004 0.003 
Zinc (mg/L) 0.036 <0.001*  0.027 <0.001* 
*Concentration below the detectable limit. The detectable limit for ICP-MS is 1 ppb (0.001 mg/L) to 5 ppm (5 
mg/L). 
 
In none of the locations was a risk to soils or crops associated with heavy metals, boron, 
or arsenic identified. Heavy metal concentrations in the samples were well below 
standard limits and below detectable limits for many analytes. Treated wastewater quality 
is closely monitored in Indiana. Any time these facilities choose to irrigate or discharge 
their effluent, they must have had passing FC, BOD, and pH analyses within the last 
seven days. Analyses for total nitrogen (N), ammonium (NH4), nitrate (NO3), phosphorus 








expected. PCBs and metals are monitored annually. This careful oversight and the strict 
limits imposed on water quality help to mitigate the environmental and public health risk 
associated with land application of treated wastewater. Raising public awareness of the 
strict oversight provided and the relatively low risk associated with land application of 
treated wastewater may increase farmer and public confidence in this practice. 
 
6.5 Situation of Indiana farmers 
In compliance with an IRB approved protocol for research with human subjects, 
participants were recruited for the survey through local agriculture-related organizations 
(e.g., soil and water conservation districts, Indiana Farm Bureau, Purdue Extension 
events). The survey included questions about the farmers’ current irrigation practices, 
sources of irrigation water, crops grown, perceptions about using treated wastewater for 
irrigation, and organizations believed to be responsible for overseeing treated wastewater 
reuse in Indiana. 
In total, 20 farmers responded to the online survey. Of the participants, 14 indicated 
farming as their primary occupation, 4 were various professionals, and 2 were students. 
16 of the 20 farmers owned their farms while the others either contract farmed land or 
worked in agriculture part-time. Farm sizes for the respondents ranged from 75 to 5,550 
acres. 8 of the farmers irrigated between 8 and 1,000 acres of their land and the primary 
source of irrigation water was wells (6), followed by spring (1) and surface water (1). 18 
of the 20 farmers were strictly producing corn, beans, and/or wheat on their farms, while 
two grew vegetables. 6 of the 20 farmers also raised livestock, and 5 of them indicated 
they land applied manure from their livestock. 
Participants were asked to rate their opinion of six different water, food, and treated 
wastewater-related issues on a scale of 1 (very unfavorable) to 5 (very favorable). Treated 
wastewater was defined for the participants as municipal wastewater (including that from 
homes, businesses, and industry) treated by mechanical and/or chemical processes. Those 














Assuming they are safe, what is your opinion of 
crops irrigated with treated wastewater being sold 
in the same market as crops grown with 
freshwater? 
3.4 1.1 19 
What is your opinion of the quality and quantity of 
water available for public use in Indiana? 
3.9 1.1 17 
What is your opinion of the food security situation 
in Indiana? 
3.8 0.9 18 
Do you trust (have confidence in) the local 
authorities to be responsible for water and 
sanitation infrastructure? 
2.9 0.9 18 
What do you think the opinion of the general 
population of Indiana is regarding irrigation of 
landscaping with treated wastewater? 
2.6 1.0 17 
What do you think the opinion of the general 
population of Indiana is regarding irrigation of 
agricultural products with treated wastewater? 
2.6 1.0 18 
 
The respondents to the survey were a representative mix of farmers, from large and more 
moderate sized-farms, some irrigated, and some raised livestock. From the responses 
presented in Table 6.3, the farmers surveyed view the water and food security situation in 
Indiana as generally favorable. Respondents were also favorable toward crops grown 
with treated wastewater being sold in the same markets as crops grown with freshwater. 
However, when asked about the general population of Indiana, farmers felt that the use of 
treated wastewater to irrigation both landscapes and agricultural products would be 
generally unfavorable. 
 
6.6 Limiting and driving factors for land application 
Participants were asked to list reasons they might be motivated to use treated wastewater 
for irrigation on their home gardens or farms, and their primary concerns about using 















Figure 6.5 Concerns about irrigation with treated wastewater (counts of responses; n=18) 
 
Opinion of others was one of the most frequently cited concerns about using treated 
wastewater for irrigation. One respondent stated, “I think it would be beneficial to 
farmers to use treated wastewater on our crops; however, I do not think that the public 
would like this idea. I think it would give farmers [and the] crops a negative view.” While 
many farmers admitted that treated wastewater may increase agricultural productivity and 
reduce the need for synthetic fertilizers, the perception of the public seems to play a 
significant role in farmers’ willingness to consider this practice. Other concerns 
mentioned by farmers included the cost of treated wastewater, and whether there would 
be a sufficient quantity of treated wastewater available to make it worthwhile for farmers 
to use. Logistics and infrastructure may be one of the most significant limiting factors to 
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increasing land application of treated wastewater in Indiana. Making treated wastewater 
available when farmers demand it, and connecting urban areas where wastewater 
treatment facilities are generally located to rural areas where agriculture is practiced, can 
be both costly and complicated. While making treated wastewater irrigation attractive to 
farmers has a way to go, sanitation departments in rural communities may be a more 
sensible point of entry for increasing the reuse of treated wastewater. Rural communities 
are at an advantage because wastewater treatment facilities may be in closer proximity to 
agricultural areas.  
Participants were asked to list the organization(s) responsible for treated wastewater 
reuse policies and oversight, and those who should be responsible for policies and 
oversight. Table 4 includes the actual organization involved, and the frequency of 
response. When asked whether participants were interested to learn more about irrigation 
with treated wastewater, 8 indicated yes, while 12 declined. 
 
Table 6.4 Responses regarding organizations responsible for treated wastewater reuse 
policy and oversight 
Actual organization 
Participant responses 
Who is responsible for treated 
wastewater reuse policy and 
oversight? 
Who should be responsible for 
treated wastewater reuse policy and 
oversight?  
Indiana Department of 
Environmental Management 
Indiana Department of Environmental 
Management and/or Environmental 
Protection Agency (12) 
Indiana State Board of Health (2) 
Food and Drug Administration (2) 
Soil and Water Conservation Districts 
(2) 
Indiana Department of Natural 
Resources (1) 
Indiana State Department of 
Agriculture (1) 
Local government (1) 
Don’t know (1) 
Indiana Department of 
Environmental Management and/or 
Environmental Protection Agency 
(9) 
Indiana State Department of 
Agriculture (3) 
Soil and Water Conservation 
Districts (2) 
Indiana State Board of Health (1) 
Purdue University Extension (1) 
Don’t know (2) 
 
Indiana farmers seem to be aware of the entity responsible for treated wastewater reuse 








Management should be the responsible organization. 40% of the respondents said they 
would be interested to learn more about irrigation with treated wastewater. An 
opportunity exists for Indiana organizations to assess the potential for increased land 
application of treated wastewater and engage farmers in a dialogue about the practice. In 
order to build confidence in treated wastewater reuse, efforts can be made to provide 
farmers and the public with clear and easy to understand information. 
 
6.7 Conclusions 
For Indiana, the question remains whether land application of treated wastewater should 
this be promoted as an alternative for small communities seeking a means to manage their 
wastewater. The two cases presented of Kewanna and Bourbon illustrate two 
communities of similar size, similar economic situation, and employing a similar 
wastewater treatment technology. Where the similarities end are with the issue of land 
application. Kewanna has been fairly successful with summer irrigation of a corn-bean 
rotation field adjacent to the treatment ponds. The municipality works closely with the 
farmer who tends the land and the site also benefits from being fairly remote so local 
residents may not even be aware of the fact that land application is occurring. On the 
other hand, Bourbon has experienced problems with land application and prefers to avoid 
the issue by discharging their effluent to an adjacent ditch. The site in Bourbon is closer 
to the town and has some homes in the immediate vicinity, opposed to Kewanna’s facility 
which is in a relatively remote location. The challenges experienced in Bourbon highlight 
the need for planning and stakeholder involvement. As Indiana has relatively little 
experience with treated wastewater reuse, if this practice is going to gain traction 
additional efforts may need to be made to work with farmers and property owners to 
build a shared understanding about best management practices, risks, and benefits. 
Water is the key to meeting increasing agricultural production and alleviating food 
insecurity. The volume of wastewater produced worldwide will continue to increase with 
population growth and improved standards of living, so it seems prudent to consider 








activities such as irrigation of agricultural products. While Indiana is not struggling with 
water security and may not need treated wastewater reuse to meet agricultural water 
demands, land application of treated wastewater represents both a sanitation management 
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CHAPTER 7. CONCLUSIONS AND FUTURE WORK 
7.1 Summary 
There are several global trends dictating the need for research in the area of treated 
wastewater irrigation. Global population is on the rise, as are global standards of living: 
combining to increase global wastewater production. The global demand for crop calories 
is also on the rise. All of these factors serve to place increased pressure on global 
freshwater resources. Increasing global wastewater production and increased food 
demand highlights an opportunity for better management through the reuse of treated 
municipal wastewater in global agricultural production. Despite the logic of that 
argument, though there are several known limitations associated with treated wastewater 
irrigation, including: varying public perception, strict to unenforced policies regarding its 
use, the cost of connecting urban population centers where wastewater is produced to 
rural areas where agriculture is practiced, public health risks (pathogens, heavy metals, 
and various toxic compounds), environmental risks (soil salinization and groundwater 
degradation), and much of the data about wastewater production, collection, and 
treatment is out-of-date, or unreported. There are also several known benefits of irrigation 
with treated wastewater, including: improved water and food security, the potential for 
decreased synthetic fertilizer inputs, and by reusing treated wastewater inland opposed to 
discharging it to surface waters, sensitive coastal and riparian areas may be protected 
from pollution.  
 
7.2 Recommendations 
Successful examples of treated wastewater irrigation initiatives were identified in El 








effluent, in Palestine where households were using treated household gray water to water 
their home gardens, in Qatar where nearly half of treated municipal wastewater is used 
for the irrigation of commercial fodder farms, and in Kewanna, Indiana where treated 
effluent is applied to field crops. These cases illustrated how a shift in perception, and 
proper management of risk can lead toward successful treated wastewater reuse 
opportunities in agriculture.  
For communities and countries considering treated wastewater irrigation initiatives, the 
foremost factor for determining whether such an initiative would be appropriate is quality 
of treated wastewater. Water of poor quality can create public and environmental health 
concerns, thus setting back public opinion of this practice and compromising the potential 
of a successful initiative. While most countries have local regulations for how treated 
wastewater can be used in agriculture, the decision on which constituents are measured 
and the limits values is often a political process, rather than through understanding and 
evaluation of the environmental outcomes. For a more complete understanding of the 
risks, a number of models and assessment tools have been developed to understand risk 
associated with pathogens, including quantitative microbial risk assessments (QMRA), 
such as Karavarsamis and Hamilton (2010), Benke and Hamilton (2008) and Navarro et 
al. (2009) (Drechsel et al. 2010). Chang et al. (1995) also began work in developing a 
quantitative chemical risk assessment (QCRA). Other assessment tools for evaluating risk 
to ground water and soil (e.g. Oppel et al. 2004; Secunda et al. 1998; Yavuz Corapcioglu 
and Haridas 1985) also exist.  
Once the available treated wastewater has been deemed suitable for irrigation from a 
public and environmental health perspective, additional considerations such as public 
perception, cost of conveyance and infrastructure, water pricing, project management, 
and farmer extension can be evaluated. Many of these considerations and research areas 










This dissertation has focused on the potential of treated wastewater to provide increased 
water and food security, and the limitations facing communities with regard to integrating 
treated wastewater into an agricultural production scheme. This research considered 
unique communities in Palestine, Tunisia, Qatar, and as a comparison, the state of 
Indiana in the United States. Specific treated wastewater reuse schemes and the 
wastewater treatment technologies associated with those schemes were presented and 
evaluated for their success factors and shortcomings. Farmers, heads of households, and 
experts in treated wastewater reuse were interviewed in each study location to better 
understand some of the major impediments to irrigation with treated wastewater from 
policy and consumer points of view. The major findings of this study are: 
(1) Some significant water quality issues were identified with effluent from 
wastewater treatment systems in Palestine and Tunisia. In Palestine, fecal 
coliform counts and salinity concentration exceeded allowable national limits 
for reuse in agriculture, while salinity was also high for the Tunisian facilities 
sampled, but not in excess of national standards. Monitoring capacity, 
maintenance of infrastructure, and the concentration of influent wastewater 
were proposed as reasons for these issues. Despite the water quality concerns, 
this water was being used in a successful irrigation scheme. However, solving 
this issue of salinity would create a significant opportunity in terms of the 
variety of crops that could be successfully irrigated. 
(2) Proximity of agricultural areas to the wastewater treatment plant was 
acknowledged as a success factor for treated wastewater reuse projects. The 
cases of the El Hamma wastewater treatment plant and associated agricultural 
area in Tunisia (highlighted in Chapters 2 and 5) and Kewanna, Indiana 
(Chapter 6) demonstrate how irrigation of agricultural areas near to the 
wastewater treatment plant cuts down on water management and 
infrastructure challenges. Costs associated with conveying treated wastewater 








(3) Chapter 2 highlighted a mismatch between wastewater treatment facility cost 
of operation, and consumer demand for treated wastewater. In Qatar there is 
relatively little demand for treated wastewater; however, societal pressures 
force the country into treating their wastewater to the highest level. In contrast, 
in Palestine and Tunisia there is a modest demand for treated wastewater, but 
their facilities provide only primary or secondary treatment. 
(4) Major factors influencing farmer and public perception of treated wastewater 
reuse were presented in Chapter 3 for Palestine, Tunisia, and Qatar, and in 
Chapter 6 for Indiana (USA). In Palestine, Tunisia, and Qatar the primary 
concerns were related to public and environmental health; however, farmers 
recognized the value of the nutrients in treated wastewater and benefit of 
having additional irrigation water resources. Indiana farmers were more 
concerned about the opinion of others and whether there would be a 
significant enough quantity of treated wastewater to make it a worthwhile 
effort. 
 
7.4 Future work 
This study has provided a better understanding of some of the logistical and social 
constraints to irrigation with treated wastewater. From this work, additional areas of 
research were identified: 
(1) As articulated in Chapter 4, the framework presented for quantifying the potential 
of treated wastewater to fill the water supply-demand gap may be refined to more 
accurately represent costs associated with collection, treatment, and reuse of 
municipal wastewater. Also, unique scenarios including upgrading wastewater 
treatment technology to produce a higher quality effluent, improving wastewater 
collection rates, and adjusting treated wastewater reuse policy could be integrated 








(2) Irrigation with treated wastewater and the short-term and long-term effects on soil 
quality, productivity, and fertility needs to be evaluated. Particularly in situations 
where irrigation water is high in salinity or containing significant concentrations 
of toxic elements, the risks to environmental and public health must be better 
understood. 
(3) An epidemiological assessment of the long-term effects of irrigation with treated 
wastewater on public health via direct (handling of treated wastewater by 
farmworkers) and indirect (consumption of treated wastewater-irrigated crops) 
exposure should be conducted. 
(4) Improved extension efforts to farmers and consumers of treated wastewater-
irrigated products about the true risks and benefits associated with this practice. 
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